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PSEUDOTYPED RETROVIRUSES 



Wehave constructed a plasmid (derived from pcDNA3.1) that expresses the Ebola 
virus (Zaire strain) glycoprotein with its 0,gylcosylation region deleted (amino acids 
309-489) under the control of the cytomegalovirus promoter. We have transfected this 
plasmid into human cell lines that have been transfected with genes encoding die 
Moloney murine leukemia virus gag and ppi genes. One of these cell lines had been 
transfected in addition by the plasmid MFG.S-GFP, which expresses a transcript 
encoding a recombinant Mo-MuLV genome bearing a gene encoding the Aequorea 
victoria green fluorescent protein. Recombinant pseudotyped retrovirus recovered from 
the supernatant medium of such cells has been incubated with many different cell lines 
and has been shown to be capable of introducing the gene encoding the green fluorescent 
protein into them. These recombinant modified Ebola glycoprotein-pseudotyped 
retroviruses have substantially improved titers that make in vivo gene transfer and gene 
therapy experiments with such viruses feasible for the first time. 

Ebola virus infects a broad spectrum of mammalian hosts; the cells we have 
constructed will, therefore, also be useful for the introduction of genes into many 
different cell types. Ebola glycoprotein-pseudotyped retroviruses and lentmruses have 
specificity in particular for transducing airway epithelia cells from the apical surface and 
therefore hold promise for reagents for gene therapy for diseases of the lung such as 
-cystic fibrosis. Through elimination of the O-glycosylation region of the Ebola 
glycoprotein, wehave improved expression and consequently virus incorporation oT the 
glycoprotein into recombinant retroviruses. This makes achieving useful titers of Ebola 
glycoprotein-pseudotyped retroviruses and lentiviruses possible and also increases the 
safety of these viruses. 
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FIELD OF THE INVENTION 

This invention relates generally to pseudotyped viruses and methods of use of 
the viruses. Specifically, the invention relates to retroviruses or Antiviruses pseudotyped 
with glycoproteins in which an p-glycosylation domain has been deleted and use of 
these viruses for gene transfer and gene therapy. 

10 

BACKGROUND OF THE INVENTION 

GefiS therapy fe one of the fastest growing areas in e^erimental medicine. 

However, most studies are only Phase I or Phase II clinical studies designed mainly to 
evaluate the toxicity of the viral vectors and constructs being used. A major drawback 
15 has been the design of vectors that are both safe and efficacious. Recent efforts in the 
field have been directed toward the use of retroviral vectors* and viral vectors 
pseudotyped with glycoproteins from highly virulent viruses such as filoviruses. 

Retroviruses are ribonucleic acid (RNA) viruses that include an RNA genome 
enclosed within a viral capsid wherein the capsid is surrounded by an envelope, or lipid 
20 biiayer. Glycoproteins present in the lipid bilayer interact with receptors on the surface 
of various host cells and allow the retroviruses to enter the host cell. Once in the cell, 
the retroviruses reverse transcribe the RNA of the viral genome into a double-stranded 
DNA and incorporate the DNA into the cellular genome as a provirus. Gene products 
from the integrated foreign DNA may then be produced so that progeny viral particles 
25 may be assembled. As retroviruses can be modified to carry exogenous nucleotide 
sequences of interest, such recombinant retroviruses have a variety of uses. For 
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example, such recombinant retroviruses are important in introducing desired exogenous 
sequences into a cell, so that relatively high levels of the protein encoded by the 
- - -sequences my be produced. However, use of such recombinant retroviruses has 
several drawbacks. 

5 One such drawback is that retroviruses do not have a broad host range. Efforts 

at increasing the host range of retroviruses have included substituting the envelope 
glycoproteins of the retrovirus with that of a different virus, thus forming a pseudotyped 
retrovirus. The pseudotyped retrovirus advantageously has the host range of the 
different virus. However, some retroviruses have been pseudotyped with viral 

10 glycoproteins that are toxic to cells, so the cells can only produce the virus for a limited 
time. Furthermore, in many cases, the pseudotyped retroviruses can not be stably 
produced and may not be produced at a high titer. Stable cell lines have been 
developed to overcome the toxicity problems and to stably produce such pseudotyped 
retroviruses. However, there still exists a need for pseudotyped retroviruses that will 

15 allow for the production of high titers that would be required for routine gene transfer 
and/or gene therapy. 

Thus it would be desirable to have a pseudotyped retrovirus that is not toxic to 
cells and produces high titers of a competent virus. It would also be desirable to have a 
cell line to produce such retroviruses. Methods for using such a virus would also be 
20 . desirable. 

SUMMARY OF THE INVENTION 

It has been discovered that deleting the O-glycosylation domain of a viral 
glycoprotein of a pseudotyped retrovirus allows for stable production of the pseudotyped 
25 virus from cell lines. Pseudotyped viruses having viral glycoproteins with a deleted O- 
glycosylation domain were produced in higher titer than those with wild-type viral 
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glycoproteins and were also more efficient in transfecting target cells. Accordingly, one 
aspect of the invention provides pseudotyped retroviruses, including a retroviral capsid, 
a lipid bilayer surrounding the retroviral capsid an at least one viral glycoprotein 
disposed in the lipid bilayer in which the O-glycosylation domain has been deleted, in 
5 whole or part In one embodiment, the viral glycoprotein is a filoviral glycoprotein such 
as, but not limited to, Ebola virus or Marburg virus glycoprotein. 

In another aspect of the invention, cells for producing pseudotyped retroviruses 
having a viral glycoprotein in which the O-glycosylation domain is deleted, in whole or 
part Accordingly, the present invention provides eukaryotic cells that include a first 
10 nucleotide sequence encoding a retroviral Gag polypeptide, a second nucleotide 
sequence encoding a retroviral Pro polypeptide, a third nucleotide sequence encoding a 
retroviral Pol polypeptide and a fourth nucleotide sequence encoding at least one viral 
glycoprotein in which the O-glycosylation domain of the glycoprotein has been deleted. 
Preferably, the fourth nucleotide sequence, encodes a filoviral glycoprotein, such as, for 
15 example, a Marburg virus or Ebola virus glycoprotein. In a preferred form of the 
invention, the cells stably produce inventive pseudotyped retroviruses. 

In a further aspect of the invention, methods for introducing nucleotide 
sequences into a cell using the pseudotyped viruses of the present invention. The 
viruses can be used to introduce a nucleotide sequence into a cell in vitro or in vivo. 
20 Preferably, the viruses of the present invention are used for in vivo introduction of a 
nucleotide sequence into a wide range of cell types. 

In yet another aspect of the invention methods are provided for producing high 
titers of pseudotyped retroviruses. The methods involve introducing into a cell 
nucleotide sequences that encode for a viral glycoprotein in which the O-glycpsylation 
25 domain is mutated. Also present in the cells are nucleotide sequences that encode for 
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other proteins necessary to produce a pseudotyped retrovirus in high titers and being 
more efficient in transfecting target cells. 

Additional objects, advantages, and features of the present invention will become 
apparent from the following description, taken in conjunction with the accompanying 
5 drawings. 




BRIEF DESCRIPTION OF THE DRAWINGS 

The various advantages of the present invention will become apparent to one 
skilled in the art by reading the following specification and by referencing the following 
10 drawings in which: 

Figure 1 is schematic representation of the Ebola virus glycoprotein showing the 
GP t and GP 2 subunits of the glycoprotein drawn to scale with residue numbers indicated 
below the diagram; 

Figure 2 is a western blot showing the expression and incorporation of the A308- 
15 489 Ebola GP into pseudotyped retroviruses; and 

Figure 3 is a western blot showing the extent of O-glycosylation of the A308-489 
Ebola GP incorporated into pseudotyped retroviruses. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

20 It has been discovered that deleting the O-gtycosylation domain of a viral 

glycoprotein of a pseudotyped retrovirus allows for stable production of the pseudotyped 
virus from cell lines. Pseudotyped viruses having viral glycoproteins with a deleted O- 
glycosylation domain were produced in higher titer than those with wild-type viral 
glycoproteins and were also more efficient in transfecting target cells. Accordingly, one 

25 aspect of the invention provides pseudotyped retroviruses, including a retroviral capsid, 
a lipid bilayer surrounding the retroviral capsid an at least one viral glycoprotein 

to 
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disposed in the lipid bilayer in which the O-glycosylation domain has been deleted, in 
whole or part. In one embodiment; the viral glycoprotein is a filoviral glycoprotein such 
-as, but not limited to, Ebola virus or Maitourg virus glycoprotein. 

It has been discovered that eukaryotic cells may be constructed that stably 
produce pseudotype retroviruses having a viral glycoprotein disposed in their lipid bilayer 
wherein the O-glycosylation domain of the viral glycoprotein has been deleted in whole 
or part. It was unexpectedly found that deletion of the O-glycosylation domain a filoviral 
glycoprotein resulted in increased expression and transduction of the glycoprotein. 
Elimination of the domain produces enhanced glycoprotein processing and incorporation 
into retroviral particles, allowing for stable production of the pseudotyped viruses. 
Furthermore, the levels of transduction are significantly higher by the pseudotyped 
retroviruses having glycoproteins with mutated O-glycosylation domains as compared to 
wild-type pseudotyped retroviruses. 

The present invention contemplates that the O-glycosylation region of the 
15 glycoprotein is deleted in whole or part. While not wishing to be bound by theory, it is 
thought that deletion of the O-glycosylation region allows for increased expression and 
transduction by by-passing the post-translation glycosylation step. This step may be 
rate limiting and glycosylation of high amounts of viral glycoproteins may be toxic to the 
cells. Therefore, deletion of the O-glycosylation domain results in stable production of 
20 pseudotyped retroviruses with increased expression and transduction of the mutated 
glycoprotein. By tt stable production" or "stably produced", it is meant that the cells will 
produce pseudotyped retroviruses indefinitely (i.e., during the life span of the cell). The 
viral glycoprotein may be any viral glycoprotein having an O-glycosylation region. The 
O-glycosylation region is identified by being rich in proline, serine and threonine 
25 residues. Filoviral glycoproteins, such as those of Ebola and Marburg, have O- 
glycosylation regions. By way of non-limiting example, the O-glycosylation domain for 
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the Ebola glycoprotein is from about nucleotides 309-489 of SEQ. ID. NO. 1. 

It will 

be appreciated by the skilled artisan that the O-glycosyiation domain can be deleted 
5 either in whole or part. This can be accomplished, for example, by removing the part of 
the sequence encoding the domain. Alternatively, the nucleotide sequence can be 
modified to replace the codons for serine and threonine, the amino acids that are O- 
glycosylated, with codons for conservative amino acid substitutions which will not be O- 
glycosylated. 

10 As discussed above, one aspect of the invention provides eukaryotic cells, 

forming inventive eukaryotic cell lines, having nucleotide sequences encoding retroviral 
Gag polypeptide, retroviral Pro polypeptide, retroviral Pol polypeptide and at least one 
viral glycoprotein, such as a filoviral glycoprotein, in which the O-glycosylatipn domain of 
the glycoprotein has been deleted or modified. The term "eukaryotic cell line" as used 

15 herein is intended to refer to eukaryotic cells that are grown in vitro. The term "nucleotide 

s 

sequence", as used herein, is intended to refer to a natural or synthetic linear and 
sequential array of nucleotides and/or nucleosides, and derivatives thereof The terms 
"encoding" and "coding" refer to the process by which a nucleotide sequence, through 
the mechanisms of transcription and translation, provides the information to a cell from 

20 which a series of amino acids can be assembled into a specific amino acid sequence to 
produce a polypeptide. 

In forming a cell that produces an inventive pseudotyped retrovirus, a wide 
variety of cells may be selected. Eukaryotic cells are preferred, whereas mammalian 
cells are more preferred, and include human, simian canine, feline, equine and rodent 

25 cells. Human cells are most preferred. It is further preferred that the cell be able to 
reproduce indefinitely, and is therefore immortal. Examples of cells that may be 
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advantageously used in the present invention include N1H 3T3 cells, COS cells, Madin- 
Darby canine kidney cells and human embryonic 293T cells. However, highly 

.transferable cells, such as human embryonic kidney 293T cells, are preferred. By 

"highly transferable" it is meant that at least about 50%, more preferably at least about 
5 70% and most preferably at least about 80% of the cells can express the genes of the 
introduced DNA. 

The retroviral gag, pro and pol nucleotide sequences, and other retroviral 
nucleotide sequences for forming the specified pseudotyped retroviruses, may be 
obtained from a wide variety of genera in the family Retroviridae, including, for example, 

10 Oncoviruses, including Oncovirus A, B, C and D, lentiviruses and spumavirus F. Such 
sequences are preferably obtained from the Moloney murine leukemia virus (MMLV; in 
the genus Oncovirus C). Such sequences are well known in the art For example, 
nucleotide sequences encoding MMLV gag, pro and pol may be found in Bereven et aL. 
Ce//(1981) 27:97-108. Most preferably, such sequences are obtained from lentiviruses. 

15 Unlike most retroviruses, lentiviruses have the capacity to integrate the genetic material 
they carry into the chromosomes of non-dividing cells as well as dividing cells. 
Therefore, lentiviral nucleotide sequences encoding proteins that allow for chromosomal 
integration of virally transported nucleic acid in non-dividing cells are advantageously 
employed, as the host range of the pseudotyped retroviruses will be broadened. 

20 The above-described retroviruses are readily publicly available from the 

American Type Culture Collection (ATCC) and the desired nucleotide sequences may be 
obtained from these retroviruses by methods known to the skilled artisan. For example, 
the nucleotide sequences may be obtained by recombinant DNA technology. Briefly, 
viral DNA libraries may be constructed and the nucleotide sequences may be obtained 

25 by standard nucleic acid hybridization or polymerase chain reaction (PCR) procedures, 
using appropriate probes or primers. Alternatively, supernatant medium from cells 
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infected with the respective virus can be isolated and the desired retroviral nucleotide 
sequences may be amplified by PGR. Such vectors may also be constructed by other 
jmethods known to the art. 

It is preferred that the gag, pro and po/ nucleotide sequences are contiguous to 
each other as found in native retroviral genomes, such as in the order 5'-gag-pro-pol-3\ 
It is further preferred that these retroviral nucleotide sequences are chromosomally- 
integrated into the cellular genome. Furthermore, the gag-pro-pol nucleotide sequences 
are operably linked at the 5' end of the gag nucleotide sequence to a promoter 
sequence, so that transcription of the sequences may be achieved. 

A nucleic acid sequence is "operably linked* to another nucleic acid 20 
sequence, such as a promoter sequence, when it is placed in a specific functional 
relationship with the other nucleic acTd sequence, the functional relationship between a 
promoter and a desired nucleic acid typically involves the nucleic acid and the promoter 
sequences being contiguous such that transcription of the nucleic acid sequence will be 
facilitated. Two nucleic acid sequences are further said to be operably linked if the 
nature of the linkage between the two sequences does not (1) result in the introduction 
of a frame-shift-mutation; (2) interfere with the ability of the promoter region sequence to 
direct the transcription of the desired nucleotide sequence, or (3) interfere with the ability 

of the desired nucleotide sequence to be transcribed by the promoter sequence region. 

i 

Typically, the promoter element is generally upstream (i.e., at the 5 end) of the nucleic 
add coding sequence. 

A wide variety of promoters are known in the art, including cell-specific 
promoters, inducible promoters, and constitutive promoters. The promoters may further 
be selected such that they require activation by activating elements known in the art, so 
that production of the protein encoded by the specified nucleic acid sequence may be 
regulated as desired. It is well within the purview of a person skilled in the art to select 
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and use an appropriate promoter in accordance with the present invention. For example, 
the promoters that may be advantageously present in the cell, 5' to the gag-pro-pol 
sequences. Include - rat actin -promoter and the MMLV promoter. Furthermore, the 
cytomegalovirus promoter has been found to be an excellent promoter in the inventive 
5 system. 

Other regulatory elements, such as enhancer sequences, which is cooperate 
with the promoter and transcriptional start site to achieve transcription of the nucleic acid 
insert coding sequence, may also be present in the cell 5* to the nucleotide sequences 
that encode retroviral proteins. By "enhancer* is meant nucleotide sequence elements 

10 which can stimulate promoter activity in a cell, such as a bacterial or eukaryotic host cell. 

A wide variety of viral glycoproteins may be advantageously present in the 
inventive cells of the present invention, especially viral glycoproteins having an O- 
glycosylation domain and which are necessary for attachment of the virus to a target cell 
and penetration of the virus into the cytoplasm of the cell, as well as viral glycoproteins 

15 necessary for maturation of the glycoproteins necessary for attachment and penetration 
of the virus. For example, the cells described above may include nucleotide sequences 
filoviral glycoproteins. Examples of such viruses include Ebola virus (including Ebola 
Zaire, Ebola Reston and Ebola Sudan sequences which are chromosomally-integrated), 
and Marburg virus. These nucleotide sequences may be obtained by methods known in 

20 the art. For example, nucleotide sequences encoding particular glycoproteins may be 
isolated and cloned into plasmids by standard techniques, and the nucleotide sequence 
may then be amplified by FOR using the appropriate primers. 

In one embodiment, the cells include nucleotide sequences encoding 
glycoproteins from a filovirus. Such filoviruses also exhibit a broad host range. A wide 

25 variety of nucleotide sequences that encode filoviral glycoproteins may be used to 
produce the inventive cells of the present invention. For example, nucleotide sequences 
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encoding glycoproteins from the Marburg and Ebola virus (in the family Filoviridae and, 



including, for example, Ebola-Zaire and Ebola-Reston) may be introduced into the cells 

described above to produce a pseudotyped retrovirus. SEQ ID 2. shows the Ebola Zaire - 

glycoprotein-encoding sequence and SEQ ID 3 shows the Marburg virus glycoprotein- 
5 encoding sequence. The nucleotide sequences encoding the filoviral glycoproteins may 
be obtained as described in Sanchez et al. (1993) Virus Res. 29 (3):21 5-240 and Will et 
al., (1993) J. V/rot 67:1203-1210. Moreover, such sequences may be obtained by other 
methods known to those skilled in the art. 



10 glycoproteins of similar structure to the filoviral glycoproteins may be advantageously 
used in the present invention. 



above may include another nucleotide sequence that encodes a desired protein so that 
they may produce pseudotyped retroviruses having an RNA genome including such 

15 desired nucleotide sequences. The protein can be such that it provides a beneficial or 
therapeutic effect if introduced into an animal. For example, a gene may encode a 
protein that is needed by an animal, either because the protein is no longer produced, is 
produced in insufficient quantities to be effective in performing its function, or is mutated 
such that it either no longer functions or is only partially active for its intended function. 

20 The nucleotide sequence may be introduced into the cellular genome in a variety of 
ways known to the skilled artisan. For example, defective retroviruses (i.e., those which 
do not have the capability to produce all of the viral proteins necessary for production of 
a retrovirus having the ability to infect a cell and produce progeny viruses) may be 
constructed to include such a sequence in their RNA genome and can then transduce a 

25 . cell. Alternatively, plasmid vectors may be used to introduce the nucleotide sequence, 
preferably DNA, encoding the desired protein. In either case, the vector typically 



It is expected that other viruses not specifically mentioned above and having 
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includes nucleotide sequences necessary for production of the pseudotyped retrovirus. 
For example, the RNA sequence in the viral genome is flanked on the 5' end by a splice 
acceptor site and. a splice donor site followed by a sequence necessary for packing of 
the viral genome (such as a psi sequence) and a long terminal repeat (LTR). all as 
> known in the art. The 3' end of the RNA sequence may be flanked on its 3' end with a 
polypurine tract followed by another LTR, further as known to the skilled artisan. The 
vectors may include other nucleotide sequences known to the art that are necessary for 
transduction. 

In one preferred form, the desired protein may be one that allows entry of the 
10 virus into a cell to be detected. For example, a visually detectable component, or marker, 
such as one that emits visible wavelengths of fight; or that may be reacted with a 
substrate to produce color of specified wavelengths. For example, such nucleotide 
sequences include the nucleotide sequence encoding the Aequorea victoria green 
fluorescent protein [GFP; nucleotide sequences fisted in Prasher et al., (1992) Gene 
15 111 :229] and the LacZ gene (produces 3-galactosidase). both of which are well known in 
the art and may be obtained commercially. 

Another aspect of the invention provides methods of forming eukaryotic cells for 
producing pseudotyped retroviruses. The method includes introducing into the cells 
described above the nucleotide sequences described above, i.e., those encoding the 
20 retroviral Gag. Pro and Pol polypeptides, and those encoding a filoviral glycoprotein in 
which the O-glycosylation domain is deleted or mutated, in part or whole, into the cell. 

The nucleotide sequences may be introduced into the desired cell utilizing a 
variety of vectors known to the skilled artisan. For example,' plasmid vectors, cosmid 
vectors, and other viral vectors, such as retroviral vectors, may be used. It is preferred 
25 that the nucleotide sequences encoding the Gag, Pro and Pol polypeptides are on a 
separate vector than the nucleotide sequences encoding the viral glycoproteins. 

13 
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In one mode of practicing the invention, plasmid vectors are advantageously 
used to introduce, or transfect, the nucleotide sequences into the selected cell. A wide 
variety of plasmid vectors may be used, including pTRE, pCMV-Script and pcDNA3, 
although pcDNA3 is a preferred vector. The gag, pro and pol nucleotide sequences are 
5 preferably on the same plasmid, and, as discussed above, are preferably contiguous to 
each other. However, the skilled artisan is aware that other spatial configurations of the 
nucleotide sequences may be utilized when constructing the plasmids. The vector also 
preferably includes a promoter 5* to, or upstream from, the gag nucleotide sequence. 
The vectors may further include other regulatory elements, such as enhancer 
10 sequences, as discussed above. 

The nucleotide sequences encoding the viral glycoproteins are preferably on a 
separate plasmid, or other vector, than the gag, pro and pci nucleotide sequences. The 
viral glycoprotein encoding sequences, such as the sequences encoding the filoviral 
glycoproteins are also preferably operably linked to a promoter sequence described 
15 above. It is also understood that the nucleotide sequences encoding at least two 
different viral glycoproteins may be arranged on a vector such that the nucleotide 
sequences encoding one of the glycoproteins are present on one vector and the 
sequences encoding the other glycoprotein are present on a different vector. It is 
preferred,, however, that such sequences are on the same vector, and preferably 
20 contiguous to each other so they will be transcribed utilizing the same promoter. In one 
preferred form of the invention, the promoter sequence is a cytomegalovirus promoter 
sequence. Plasmids, or other vectors carrying the nucleotide sequences encoding the 
viral glycoproteins, may also include other regulatory elements, such as enhancers, as 
described above. 

25 The vectors may be introduced into the cells in a variety of ways known to the 

skilled artisan, for example, discussed in Current Protocols in MoleQular Biology, John 
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Wiley and Sons, edited by Ausubel et al. (1988) and Maniatis, et al., Molecular Cloning, 
A Laboratory Manual, Cold Spring Harbor Laboratory (1939). For example, vectors may 

be transfected into a..cell by a calcium phosphate precipitation method. Other, methods 

for introduction of the vectors include, for example, electroporation and lipofection. 

5 In many cases, one may wish to quickly visually detect those cells which have 

taken up a vector and that produce a specified protein from the vector. Visually 
detectable components, or markers, include the Aequorea victoria green fluorescent 
protein as discussed above. When forming a cell that includes a visually detectable 
component, or marker, the nucleotide sequences encoding the marker may also be 

10 introduced into the cell as described above. Cells that have taken up the vector and 
express the nucleotide sequences encoding a protein may be identified and separated 
from cells that do not express the sequences by a fluorescence-activated celi sorting 
procedure as known in the art. A visually detectable marker may also be formed from 
reaction of p-galactosidase (produced by the LacZ gene) with a substrate, such as X-gal. 

15 In a third aspect of the present invention, pseudotyped retroviruses that include 

viral glycoproteins in which the O-glycosylation domain has been deleted or modified, in 
whole or part, (as discussed above) disposed in their lipid bilayer are provided. In a 
preferred embodiment, the glycoprotein is a filoviral glycoprotein. 

In one embodiment, such pseudotyped retroviruses include a core is RNA 

20 genome that is surrounded by, or enclosed within, a viral capsid. The genome preferably 
includes a nucleotide sequence encoding a protein selected to be subsequently 
produced by a cell. The genome further includes other nucleotide sequences for 
formation of the pseudotyped retrovirus, such as 5' and 3* LTR sequences that are 
operably linked to the nucleotide sequence encoding the desired protein as described 

25 above. Reverse transcriptase and integrase are also enclosed within the capsid, which 
gives the retrovirus the ability to incorporate a gene encoding a desired protein into a 
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genome of a cell after the retrovirus contacts, or is incubated with, the cell. For example, 
the pseudotyped retrovirus may be used to incorporate a gene encoding an enzyme in a 
-host cell that is incapable of producing the enzyme, or produces a non-functional 
enzyme as discussed above. Other sequences known to the art that are useful for 
transducing genes may also be present in the RNA genome. 

The pseudotyped retrovirus may include other proteins, in addition to integrase, 
that aid its stable integration into the chromosomes of a target cell. For example, with 
respect to a tentivirus, the pseudotyped retrovirus may include proteins such as vpr, vrf 
and vpu. 

In yet other preferred embodiments, the pseudotyped retrovirus may include a 
nucleotide sequence encoding a visually detectable component, or marker, such as 
Aequorea victoria green fluorescent protein as discussed above. Such a retrovirus may 
be advantageously used in a method of determining viral entry irtto a cell discussed 
above. Moreover, such a virus is advantageously used in the methods of the present 
15 invention to ensure that the pseudotyped retroviruses that are formed are replication 
incompetent (i.e., do not have all the sequences necessary in their viral genome to 
produce progeny retroviruses). For example, supernatant isolated from cells transduced 
by the vectors and contacted with a test cell should not result in localization of the 
fluorescent protein in the test cell. 
26 In a fourth aspect of the present invention, methods of introducing nucleotide 

sequences into a cell are provided. In one embodiment, the method includes contacting, 
or transducing, a cell permissive for filoviral entry, with a retrovirus that has been 
pseudotyped with a filoviral glycoprotein as described above that includes the desired 
nucleotide sequence in its genome. When the nucleotide sequences encode a desired 
25 protein, the cell is selected so that it also preferably allows expression of the selected 
nucleotide sequence. The level of transduction may be obtained by assaying methods 
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known to the skilled artisan, and include assaying for the protein of interest encoded by 
the introduced nucleotide sequences or assaying for the presence of the nucleotide 
sequences. 

Reference will now be made to specific examples illustrating the compositions 
and methods above. It is to be understood that the examples are provided to illustrate 
preferred embodiments and that no limitation to the scope of the invention in intended 
thereby. 

EXAMPLE 



10 



MATERIALS AND METHODS 

Ce// lines and culture conditions. The human kidney" celi "line 293~(ATCC Number CRL- 
1573). the mouse embryo cell line NIH 3T3 (CRL-1658), and the 293T-derived *NX 
(second generation retroviral packaging cells) (11. 18, 26) and gpnlslacZ cell lines were 
15 cultured in Dulbecco's minimal essential medium (DMEM) containing 10% heat 
inactivated fetal bovine serum. 2 mM glutamine, 100 units Penicillin G, and 100 ug/ml 
streptomycin sulfate, with or without 0.25 jig/ml amphotericin B (growth medium). The 
gpnlslacZ cells produce envelope protein-deficient replication-incompetent Mo-MuLV 
particles carrying MFG.S-nlslacZ, a retroviral vector encoding a nuclear localizing p- 

20 galactosidase (25). 

Plasmids and site-directed mutagenesis. A modified version of the plasmid pTM1 was 
used in transient expression studies of GP sequences using a vaccinia virus-T7 RNA 
polymerase (W-T7) system (5). The pTM1 vector was modified to remove an ATG 
codon (within an Afcol site) at the beginning of the multiple cloning site by Nco\ digestion. 

25 mungbean nuclease treatment, and ligation of the blunt-ended DNA. This vector, 
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pTM1(AAfcol), was used to subclone the entire Ebola virus GP open reading frame 
(ORF). The GP ORF was cleaved from the plasmid pGEM-EMGP1 (21) by digestion 
with 8amHI and Oral, and the fragment isolated and directionally ligated into the 
pTMKAAfcol) vector cleaved with SamHI and Sful. The resulting clone. pTM1(ANcol)- 
5 GP, was used as the target DNA for all site-directed mutagenesis reactions. This clone 
encodes a GP sequence that differs from the wild-type amino acid sequence in a single 
residue within the membrane spanning sequence (1662V), and for comparative purposes 
will be referred to as "wild-type sequence". This mutation is present in the original 
pGEM3Zf(-)-GP clone, but does not appear to affect the processing or function of the 
10 GP. GP residue numbering commences with the methionine of the signal sequence and 
is continuous through the GPi and GP 2 sequences. 

The GP clone in which the mucin region was deleted (A309-489) was generated 
from two PCR clones linked by an Xbal restriction site, which resulted in the replacement 
of the mucin sequence with two residues (serine-arginine). Mutations in isolated plasmid 
15 clones were identified by direct sequencing of mini-prep DNA using dye-terminator cycle 
sequencing reactions (ABI) analyzed on either an ABI 373 or 377 sequencer. Large- 
scale preparations for each type of mutated plasmid DNA were made using commercial 
kits (Promega Corp. or 5 Prime 3 Prime. Inc.). The DNA was quantified by UV^ 
absorbance readings, and then stored at -70°C until needed. The coding region 
20 (SamHI/Safl fragments) from the plasmid pTM1 (ANcol)-GP and mutated versions of this 
DNA were separately ligated into the eamHl/Xnol polylinker sites of the vector pcDNA3 
(Invitrogen). cloned in E. co/i. and plasmid DNA isolated for use in pseudotyping studies." 
Retrovirus pseudotyping and virus transduction assays. Pseudotyped retrovirus 
particles consisting of the MuLV cores and the Ebola GP in their envelopes were 
25 produced by transfecting wild-type or mutated plasmid DNA into gpnlslacZ cells as 
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previously described by Sharkey, CM. et al.. J. Virol. 75:2653-2659 (2001). Virus 
transduction of p-galactosidase activity into NIH 3T3 cells was determined as described 
- by Sharkey. CM. et al.. J. Virol. 75:2653-2659 (2001). All data presented are the 

average of the results of at least three experiments. 
5 Immunoblot analysis of Ebola virus glycoprotein expression, processing, and 
incorporation into pseudotyped retroviruses. Medium from transfected «J»NX cells (11,18, 
26) containing recombinant retroviruses were passed through a 0.45 nm filter and 
centrifuged through a 30% sucrose cushion at 25.000 RPM in a Beckman 50.2-Ti rotor 
in a Beckman SS-71 centrifuge. The fluid was aspirated from centrifuge tubes and 
10 discarded, and the virus pellet was suspended in 100>J of RIPA buffer (140 mM NaCI, 10 
mM Tris HCI pH 8.0, 5 mM EDTA, 1% Na deoxycholate, 1% Triton X-100, 0.1% SDS). 
Cells were treated with lysis buffer (50 mM Tris HCI pH 8.0. 5 mM EDTA, 150 mM NaCI. 
1% Triton X-100). and the cell lysates were then centrifuged in a microcentrifuge at 
16,100 x g for ten minutes. The proteins in the cell lysate and the suspended viral pellet 
15 were each precipitated with a final concentration of 4% TCA for two minutes. The 
precipitated proteins were then centrifuged at 16.100 x g in a microcentrifuge for ten 
minutes. The supernatant fluid was aspirated and discarded. The pellet was suspended 
in an equal volume of 1 M Trislhydroxymethyll-aminomethane and vortexed vigorously. 
Proteins whose glycosylation was analyzed were treated sequentially with PNGase F. 
20 which removes M-linked glycosylation. and with both Sialidase A and Endo-O- 
glycosidase (ProZyme, Inc.), which together remove O-linked glycosylation. following 
protocols provided by the supplier. The pellet suspension was then mixed with 1/6 the 
volume of 300 mM Tris pH 6.8. 60% glycerol (w/v), 4% SDS (w/v). 0.0012% 
bromophenol blue (w/v). 6% 2-mercaptoethanot (v/v) and boiled for 5 minutes. Equal 
25 amounts of proteins as determined by the Bradford assay were separated by SDS- 
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PAGE (8.5% acrylamide), and electrophoretically blotted onto nitrocellulose membranes. 
Membrane blots were immersed in reaction buffer (20 mM Tris. 137 mM NaCl, 0.1% 
Tween 20, pH 7.6) containing 1% bovine serum albumin and incubated overnight at 4°C. 
Blots were incubated in reaction buffer containing a rabbit-anti-Ebola SGP/GP diluted 
5 1 :1000 for 1 hr at room temperature, washed 3 times in reaction buffer, and reacted with 
a Goat anti-rabbit-horseradish peroxidase conjugate (diluted 1:20,000 in reaction buffer) 
for 30 min at room temperature. Membranes were washed as before, then treated with 
a commercial chemiluminescent substrate solution (Amersham Pharmacia Biotech), 
according to the protocols provided by the manufacturer. Specific reactivity to GP was 
io visualized by exposing treated blots to X-ray film. 
RESULTS 

Pseudotyped retroviruses bearing GPs with altered glycosylation. The role of O- 
glycosylation of the Ebola virus GP was examined through analysis of the effects of 
deleting the region of the protein that is ^glycosylated. Remarkably processing and 
15 viral incorporation of the A309-489 GP was greatly enhanced as shown in Figure 2. The 
migration of the mature GP„ GP„ (the glycosylated but uncleaved glycoform) , GP P „, (the 
N-glycosylated but not O-glycosylated uncleaved glycoform) and deglycosylated GP 0 
and GP p ,e forms of the wild-type GP and of the GP„ GP 0 and deglycosylated GP, and 
GP„ forms of the A30JM89 GP is indicated There was also a corresponding increase of 
20 696 ± 142% in transduction by the A309-489 GP pseudotyped viruses as compared to 
wild type. The absence of an increase in the mobility of the A309-489 GP upon 
sialadase A and endo-O-glycosidase treatment provides confirmation that the region of 
O-glycosylation of the glycoprotein has been removed (Figure 3). The migration of the 
mature GP, of the wild-type and A309-489 GPs is indicated. In this experiment a 
25 glycosylated serum protein possessing a mobility intermediate between those of the 
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wild-type and A309-489 GPiS was detected. The heterogeneous mobility of the 
PNGaseF-treated proteins is indicative of incomplete removal of Af-glycosylation. 

The effect of deleting the O-glycosylation region of GP, (A309-489) on expression . 
and transduction were striking. This segment, which is rich in proline, serine, and 
threonine residues is the most variable among the Ebola GPs. Elimination of this mucin- 
like domain results in enhanced GP processing and incorporation into retroviral particles 
(Figure 2) and consequently higher levels of transduction by the pseudotyped 
retroviruses. It is possible that the wild-type GP is retained in the Golgi apparatus until 
all of the serines and threonine residues in the mucin region are modified. While not 
wishing to be bound by theory, it is thought that elimination of this segment may permit 
more rapid transit through the Golgi apparatus and higher levels of processing to 
~ GP,and GP 2 and of cell-surface expression. Increased viral incorporation may also 
result from a diminution of GP toxicity. It has been reported that the deletion of the O- 
glycosylation region reduces the cytopathic effects of Ebola virus GP expression (40). It 
has also been suggested that the expression of high levels of the wild-type Ebola GP 
might lead to exhaustion of the cellular glycosylation machinery (32), which is consistent 
with the present results and present interpretation. 

The foregoing discussion discloses and describes merely exemplary 
embodiments of the present invention. One skilled in the art will readily recognize from 
such discussion, and from the accompanying drawings, that various changes, 
modifications and variations can be made therein without departing from the spirit and 
scope of the invention. 

Patent and literature references cited herein are incorporated by reference as if 

fully set forth. 
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ABSTRACT 

Pseudotyped retroviruses having viral glycoproteins .with deleted or jnutated O- 
glycosylation domains are provided. Also provided are methods for making the 
pseudotyped retroviruses of the present invention. Cells for stably producing the 
pseudotyped retroviruses or the present invention are also provided. 
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Covalent Modifications of the Ebola Virus Glycoproteins: 
Implications for Structure, Evolution, and 
Gene-Transfer Technologies 
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The roles of the covalent modifications of the Ebola virus glycoprotein 
(GP) and the significance of the sequence identity between filovirus and avian 
retrovirus glycoproteins were investigated through biochemical and functional 
analyses of mutant GPs. The expression and processing of mutant GPs with 
altered N-linked glycosylate, substitutions for conserved cysteine residues, or a 
deletion in the region of O-glycosylation were analyzed, and viral entry capacities 
were assayed through use of pseudotyped retroviruses. Cys-53 was shown to 
form the only disulfide bond linking GP, to GP 2 . We propose a cystine-bridge 
map for the filovirus glycoproteins based upon our analysis of mutant Ebola virus 
GPs. The effect of replacement of the conserved cysteines in the membrane- 
spanning region of GP, was found to depend on the nature of the substitution. 
Mutations in conserved N -linked glycosylate sites proved generally, with a few 
exceptions, innocuous. Deletion of the O -glycosylate region increased 
glycoprotein processing, incorporation into retrovirus particles and viral 
transduction. Our data support a common evolutionary origin for the 
glycoproteins of Ebola virus and avian retroviruses and have implications for 
gene transfer mediated by Ebola virus glycoprotein-pseudotyped retroviruses. 
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INTRODUCTION 

Ebola viruses are a group of enveloped, single-stranded, RN A viruses that, together with 
Marburg virus, are classified in the Order Mononegavirales and the Family FUoviridae. 
Filovimses cause a severe hemorrhagic fever disease in human and/or nonhuman primates and are 
designated as biosafety level 4 agents. These viruses contain a single structural glycoprotein (GP) 
that form the peplomers that project from the surface of the enveloped, rod-shaped virion (7, 22, 
23). The GP of filoviruses are expressed from the GP gene, but the organization of this gene 
differs dramatically between Ebola and Marburg viruses. The GP of all Marburg virus isolates are 
encoded in a single open reading frame (ORE), whereas the GP of Ebola viruses are encoded in 
two frames (0 and -1) that are connected by transcriptional editing that results in an insertion of a 
single base (22, 29). The primary gene product of the Ebola virus GP gene is a secreted 
glycoprotein (cleaved to generate SGP and delta-peptide (35)), whereas the structurally important 
"GP is a secondary gene product The functions of SGP and delta-peptide are not well defined, but 
biochemical, immunological, and structural studies have provided clearer insights into the role of. 
GP in virus entry and pathogenesis (2, 7, 8, 12, 13, 16, 20, 22, 23, 31, 36, 38). The peplomers 
covering the surface of Ebola virion are composed of GP trimers anchored in the lipid bilayerby a 
transmembrane sequence in a type I orientation (21-23). These structures mediate entry of the 
virion into cells through a process of: 1) binding to receptor molecules, 2) endocytosis of the 
virion, 3) acidification of the endocytic vesicle, and 4) membrane fusion brought about by acid- 
induced conformational changes in GP (1, 12, 27, 37, 39). 

Processing of GP in the cell leads to the production of various forms as it travels through 
the endoplasmic reticulum (ER) and Golgi apparatus to the plasma membrane (31). An N- 
glycosylated precursor form GP (CP,,,), which is found within the ER, is further processed to a 
fully glycosylated uncleaved form in the Golgi apparatus (GP„); trafficking to the Golgi apparatus 
also leads to the addition of CMinked glycans (7, 3 1). In the trans Golgi GP 0 is cleaved by the 
convertase furin to generate GP, (-130 kDa), whose role appears to involve receptor binding (21), 
and the transmembrane GP, (-24 kDa); these two subunits are linked by disulfide bonding (22, 



23, 31). Fig. 1 shows a diagrammatic view of the Zaire species of Ebola virus GP. GP, is highly 
glycosylated with AMinked and O-linked glycans (7). Glycosylate contributes approximately 
half of the mass of GP„ and O-glycans confer a mucin-Iike property to its C-terminus. GP 2 also 
'contains AMinked glycans (22, 23, 31) with two predicted //-linked sites, but does not appear to 

contain O-linked glycans. 

The disulfide bonding that holds the GP,-GP 2 heterodimer together is predicted to involve 
the first cysteine of GP, (cys-53) and the fifth cysteine from the amino-terminus of GP 2 (cys-609). 
This prediction is based on sequence and structural similarities of Ebola virus GP to the 
glycoproteins of the Avian Sarcoma and Leukosis Viruses (ASLVs) (10) and other retroviruses (6, 
16, 19, 24, 30) and the fact that the cys-53 residue of SGP is involved in forming the SGP 
homodimer (23, 34). The intramolecular disulfide bonding of GP 2 has also been predicted based 
on sequence similarity with the ASLV glycoproteins (10). A putative fusion peptide of 16 
'hydrophobic and uncharged residues has been identified near the amino-terminus of GP 2 , and a 
synthetic version of this peptide was shown to penetrate and induce fusion of membranes 
containing phosphatidylinositol (20). The membrane-spanning anchor sequence near the C- 
. terminus of the Ebola virus GP, contains two conserved cysteine residues that are palmitoylated 
(13). X-ray crystallography of recombinant-expressed portions of GP 2 have shown that alpha 
helices in the sequence form coiled coils, and that these structures are remarkably similar to those 
of the transmembrane glycoproteins of retroviruses (TM, p41) and influenza viruses (HA2), as 
well as SNAREs (cellular proteins involved in fusion of transport vesicles) (16, 36). 

Recombinant DNA techniques have also been employed to safely perform functional 
studies of the Ebola GP peplomer through pseudotyping of engineered vesicular stomatitis virus 
(12, 27) and retroviruses (1, 37-39). Pseudotyped retrovirus particles have been used to 
demonstrate permissiveness to virus entry of endothelial cells and the relative lack of susceptibility 
of lymphocyte cell lines to transduction (1, 37, 39). In addition, it has been shown that mutations 
of the fusion peptide sequence block vims entry (12), and that elimination of furin cleavage during 
processing of the Ebola virus GP does not prevent virus entry (13, 38). 



To further define the effects of the covalent modifications of GP, and GP 2 upon their 
function, we have performed site-directed mutagenesis of plasmid DNA to change specific residues 
of the encoded proteins. These mutated sequences were then used to study the affects of these 
cBahges on processing; disulfide bonding, and virus entry via pseudotyped retrovirus particles. 
We specifically wished to determine the functional significance of the residues that are conserved 
between the filovirus and ASLV glycoproteins and the role of the O-glycosylation region of the 
Ebola virus glycoprotein. 
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MATERIALS AND METHODS 
Cell lines and culture conditions. The human kidney cell line 293 (ATCC Number 
CRL-1573), the mouse embryo cell line NH 3T3 (CRL-1658), and the 293T-derived «>NX 
(second generation retroviral packaging cells) (11,18, 26) and gpnlslacZ cell lines were cultured in 
Dulbecco's minimal essential medium CDMEM) containing 10% heat inactivated fetal bovine 
serum, 2 mM glutamine, 100 units Penicillin G, and 100 ug/ml streptomycin sulfate, with or 
without 0.25 Ug/ml amphotericin B (growth medium). The gpnlslacZ cells produce envelope 
protein-deficient replication-incompetent Mo-MuLV particles carrying MFG.S-nlsIacZ, a retroviral 
vector encoding a nuclear localizing 0-galactosidase (25). 

Plasmids and site-directed mutagenesis. A modified version of the plashiid pTMl 

was used in transient expression studies of GP sequences using a vaccinia virus-T7 RNA 
polymerase ( W-T7) system (5). The pTM 1 vector was modified to remove an ATG codon 
(within an Ncol site) at the beginning of the multiple cloning site by Ncol digestion, mungbean 
nuclease treatment, and ligation of the blunt-ended DNA. This vector, pTMl(ANcoI), was used to 
" subclone the entire Ebola virus GP open reading frame (ORF). The GP ORF was cleaved from the 
plasmid pGEM-EMGPl (21) by digestion with BamlU and Dral, and the fragment isolated and 
directionally ligated into the pTMl(ANcoI) vector cleaved with BairXO. and Sful. The resulting 
clone, pTMl(AM:oI)-GP, was used as the target DNA for all site-directed mutagenesis reactions. 
This clone encodes a GP sequence that differs from the wild-type amino acid sequence in a single 
residue within the membrane spanning sequence (I662V), and for comparative purposes will be 
referred to as "wild-type sequence". This mutation is present in the original pGEM3Zf(-)-GP 
clone, but does not appear to affect the processing or function of the GP. GP residue numbering 
commences with the methionine of the signal sequence and is continuous through the GP, and GP 2 
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sequences. 

Site-directed mutagenesis targeted conserved cysteines and asparagines in conserved N- 
linked glycosylate sites. Table 1 shows2I mutant GPs that were used for analysis of GP, and- 
GP 2 in the W-T7 system. Additional mutants (T42D, double substitutions for the GP, cysteines 
(C108G/C135S,C108G/CI47S,C121G/C135S, and C121G/C147S), C670A, C672A, and 
C670A/C672A, and $309-489) were also generated, but were used only in the pseudotyping 
experiments. Mutagenesis of plasmid DNA sequences were performed using commercial kits, 
either the GeneEditor in vitro system (Promega Corp.) or the MORPH system (5 Prime -> 3 
Prime, Inc.), according to the manufacturer's instructions. Briefly, 5' phophorylated mutagenic 
primers ranging in length from 25 to 36 nucleotides (mismatches centered in the sequence) were 
annealed to denatured pTM l(ANcol)-GP DNA, primers extended with T4 DNA polymerase, and 
ends Hgated with T4 DNA ligase. Plasmid DNAs with mutations were enriched by specific 
antibiotic selection (GeneEditor) or digestion with Dpnl prior to transformation (MORPH). Mutant 
DNAs were used to transform Escherichia coli (22. colt) mismatch repair mutants (BMH 71-18 or 
MORPH mutS cells), then mini-prep DNA was isolated (5 Prime -» 3 Prime, Inc.) and used in 
second round transformation of JM109 E. coli to isolate mutated DNA strands. The GP clone in 
which the mucin region was deleted (A309-489) was generated from two PCR clones linked by an 
Xbal restriction site, which resulted in the replacement of the mucin sequence with two residues 
(serine-arginine). Mutations in isolated plasmid clones were identified by direct sequencing of 
mini-prep DNA using dye-terminator cycle sequencing reactions (ABI) analyzed on either an ABI 
373 or 377 sequencer. Large-scale preparations for each type of mutated plasmid DNA were made 
using commercial kits (Promega Corp. or 5 Prime 3 Prime, Inc.). The DNA was quantified by 
UV I6(> absorbance readings, and then stored at -70°C until needed. The coding region 
{BamHi/San fragments) from the plasmid pTMl(ANcol)-GP and mutated versions of this DNA 
5 were separately ligated into the BamWXhpi polylinker sites of the vector pcDN A3 (Invitrogen), 
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cloned in E. coli, and plasmid DNA isolated for use in pseudotyping studies. 

W-T7 expression of GP sequences. The plasmid pTMl(ANcoI)-GP, mutated 

versions of this clone, and the pTMl(AjVcoi) vector (negative control) were introduced into 293 



5 Cells were cultured in 12-well panels to 80% confluence, then infected with VI t- 7-3 for 1.5 hr at a 
multiplicity of infection >10 using a purified virus preparation diluted in growth medium. Plasmid 
DNA was then introduced into infected cells by transfection. Transfection was performed by 
incubating a mixture of 300 pi DMEM (minus antibiotics or serum), 1.5 pg plasmid DNA, and 9.0 
pi of Transfast (Promega Corp.) for 15 min at room temperature, then adding the mixtures to 

10 naked monolayers of vTF7-3-infected 293 cells that had been gently washed twice with DMEM. • 
Cells were cultured for 1 hr, and then 1 ml growth medium added. Cells were cultured for an 
additional 5 hrs, and the medium replaced with 250 pi of Eagles minimal essential medium minus 
cysteine (plus antibiotics and 2% dialyzed fetal bovine serum) containing 150 pCi/ml [ 3S S]cysteine. 
After 3 hrs of culturing, 300 pi of growth medium was added to each well and culturing was 
I s . continued for 14 hrs. At that time, supernatant fluids were removed and mixed with 66 pi 10X 
TNE buffer (0.1M Tris-HCl pH 7.4, 1 .5 M NaCl, 0.02 M EDTA) containing 10% Triton X-100 
(TX-100) and 10 mM phenylmethylsulfonyl fluoride (PMSF). Cell monolayers were lysed by 
adding 1 ml of IX TNE containing 1% TX-100 and 1 mM PMSF to each well and incubating at 
room temperature for 5 min. After transfer to 1.5 ml Eppendorf tubes, the tysates were subjected 
20 to brief centrifugation in a microfuge ( 10,000 rpm) to pellet the nuclei. The supernatant flui ds 
were then transferred to new tubes. GP molecules were immunpprecipitated from culture 
supernatant fluids and cell lysates by the addition of 100 pi of a 10% Staphylococcal protein A 
bacterial absorbent (Boerhinger-Mannheim) that had been preincubated for 15 min (with constant 



cells infected with a recombinant vaccinia virus (vTF7-3) expressing T7 RNA polymerase (5). 
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mixing) with a rabbit-anti-Ebola SGP/GP serum (20); the IgG from 4.0 p.1 of serum was bound to 
each 100 ul volume of bacterial absorbent. Reactions were incubated at room temperature with 
" constant mixing for 1 hr, then bacterial cells were washed by three rounds of centrifugation 
(10,000 rpm) and suspension in 1 ml IX TNE containing 0.5% sodium deoxycholate and 0.5% 
Nonidet P-40. Pelleted cells were suspended in 50 ul of 0.125 MTris-HCl (pH 6.8) containing 
2.5% sodium dodecyl sulfate (SDS), 12.5% sucrose, and 0.01% bromophenol blue. The cell 
suspension was then boiled for 2 min, pelleted for 1 min at 14,000 rpm in a microfuge, and equal 
volumes of supernatant fluids were transferred to duplicate sets of 1.5 ml Eppendorf tubes. One 
set of fluids was reduced by adding 2-mercaptoethanol to a concentration of 1% (v/v), whereas the 
other was left untreated (nonreduced). Equal amounts of protein radioimmunoprecipitated from the 
r- medium and from the cell monolayer were separated by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE) in 10% gels and visualized by autoradiography.. 

- Retrovirus pseudotyping and virus transduction assays. Pseudotyped 

. retrovirus particles consisting of the MuLV cores and the Ebola GP in their envelopes were 
produced by transfecting wild-type or mutated plasmid DN A into gpnlslacZ cells as previously 
described (25). Virus transduction of p-galactosidase activity into N1H 3T3 cells was determined 
as previously described (25). All data presented are the average of the results of at least three 
experiments. 

Immunoblot analysis of Ebola virus glycoprotein expression, processing, and 
incorporation into pseudotyped retroviruses. Medium from transfected <J>NX cells (11, 
18, 26) containing recombinant retroviruses were passed through a 0.45 Jim filter and centrifuged 
through a 30% sucrose cushion at 25,000 RPM in a Beckman 50.2-Ti rotor in a Beckman SS-71 
centrifuge. The fluid was aspirated from centrifuge tubes and discarded, and the virus pellet was 
suspended in lOOul of RIPA buffer (140 mM NaCI, 10 mM Tris HCI pH 8.0, 5 mM EDTA, 1% 
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Na deoxycholate, 1% Triton X-100, 0.1% SDS). Cells were treated with lysis buffer (50 mM Tris 
HC1 pH 8.0, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100), and the cell lysates were then 
centrifuged in a microcentrifuge at 16,100 x g for ten minutes. The proteins in the cell lysate end 
the suspended viral pellet were each precipitated with a Final concentration of 4% TCA for two 
minutes. The precipitated proteins were then centrifuged at 16,100 x g in a microcentrifuge for ten 
minutes. The supernantant fluid was aspirated and discarded. The pellet was suspended in an 
equal volume of 1 M Tris[hydroxymethy]-aminomethane and vortexed vigorously. Proteins 
whose glycosylation was analyzed were treated sequentially with PNGase F, which removes N- 
linked glycosylation, and with both Sialidase A and Endo-O-glycosidase (ProZyme , Inc.), which 
together remove 0-linked glycosylation, following protocols provided by the supplier. The pellet 
suspension was then mixed with 1/6 the volume of 300 mM Tris pH 6.8, 60% glycerol (w/v), 4% 
SDS (w/v), 0.0012% bromophenol blue (w/v), 6% 2-mercaptoethJinol (v/v) and boiled for 5 
minutes. Equal amounts of proteins as determined by the Bradford assay were separated by SDS- 
PAGE (8.5% acrylamide), and electrophoretically blotted onto nitrocellulose membranes. 
15 Membrane blots were immersed in reaction buffer (20 mM Tris, 137 .mM NaCl, 0.1 % Tween 20, 
pH 7.6) containing 1% bovine serum albumin and incubated overnight at 4°C. Blots were 
incubated in reaction buffer containing a rabbit-anti-Ebola SGP/GP diluted 1:1000 for 1 hr at room 
temperature, washed 3 times in reaction buffer, and reacted with a Goat anti-rabbit-horseradish 
peroxidase conjugate (diluted 1:20,000 in reaction buffer) for 30 min at room temperature. 
20 Membranes were washed as before, then treated with a commercial chemiluminescent substrate 

solution (Amersham Pharmacia Biotech), according to the protocols provided by the manufacturer. 
Specific reactivity to GP was visualized by exposing treated blots to X-ray film. 
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RESULTS 



Biochemical studies of mutant Ebola virus glycoproteins- The roles of the 
covalent modifications of the Ebola virus glycoprotein were investigated through examination of 
the effects of mutations that would eliminate the modifications (Figure 1). The rationale for the 



glycoprotein is based on the fact that cysteines in extracellular domains arc conserved exclusively 
for thiol-disulfide chemistry (24). Pairs of conserved cystienes form disulfide bonds. Elimination 
of one of a pair of half-cystines should have the same structural effects as the elimination of the 
other. It follows that the substitution of one should produce similar effects on glycoprotein 
processing as the substitution of the other. Finally, elimination of both cysteines of a disulfide- 
bonded pair should have no additional effect upon glycoprotein processing or function than the 
elimination of either one alone. Indeed, the absence of a free cysteine in the doubly substituted 
glycoprotein might actually improve processing or function over that observed with glycoproteins 
that have been mutated so that they possess an unpaired cysteine and are thereby likely to be 
recognized and retained intracellular^ by the secretoiy-pathway quality-control system (24). 

. The processing of mutant Ebola GPs was examined through radioimmunoprecipitation 
assays performed on GPs whose expression was induced by production of T7 RNA polymerase, 
by recombinant vaccinia vims (Fig. 2). In the cell lysate the wild-type protein is predominantly 
found in the form in which it is processed to GP, and GP^ although some precursor protein that is 
not proteolytically processed (GP pre ) is detected. GP, molecules are shed into the medium at a level 
equal to that of cell-associated GP,. Mutation of the first cysteine in GP, (cys-53) resulted in the 
secretion of most of GP, into the medium and a greater electrophoretic mobility for GP 2 (Fig. 2, 1* 
autoradiograph). Mutation of each of the remaining cysteines in GP, reduced levels of expression 
of GP, and GP 2 , and the predominant form was the GP pre molecule. Mutation of the second or 
fourth cysteines (cys-108 and cys-135) resulted in little or no GP, or GP 2 production, whereas 
plasmids with changes in the third or fifth cysteines (cys-121 and cys-147) generated small 
amounts of mature GP, and GP 2 . Mutations in most of the conserved AMinked sites in GP, 



experiments involving substitutions for the cysteine residues in the extracellular domains of the 
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produced Hltle change in expression levels and patterns (Fig. 2, 2 nd autoradiography Elimination 
of the most amino-terminal site through substitution of an aspartate residue for asparagine-40 
caused more GP, to be secreted into the medium than was associated with cells. These changes to 
the AMinked sites in GP, caused no apparent changes in the migration of GP, or GP 2 . 
5 Mutation of any of the first through the fifth cysteines of GP 2 led to markedly increased 

levels of GP, in the medium. GP pir predominated in the cell lysate, and little or no normally 
processed GP, was produced (Fig. 2, 3 rd autoradiography Only the C5 1 1G and C556S GP 2 
molecules were easily detected, and they displayed a greater electrophoretic mobility that was 
similar in migration to the GP 2 resulting from the GP, C53G substitution. Substitution of the cys- 
10 672 in the GP 2 membrane-spanning region with phenylalanine resulted in only a slight diminution 
in expression of GP, and GP 2 , whereas substitution of the nearby cys-670 residue or both cys-670 
and cys-672 with phenylalanine produced more marked reductions in expression (Fig. 2, 4* 
autoradiograph). 

- The effect of mutation of each of the two conserved AMinked glycan sites of GP 2 depended 
15 oh the site that was eliminated. When the first site was changed (asn-563), little GP,, GP 2 , or 
GP pre was detected in the medium or the cell lysate (Fig. 2, 4 th autoradiography 

Mutation of the second site (asn-618) appeared to cause only a small reduction in 
expression, but the migration of GP 2 appeared significantly faster, presumably due to the loss in 
mass normally contributed by glycosylation at the site. 
20 To determine if there was any disulfide bonding between GP, and GP 2 by GPs in which 

mutated cysteines led tQ increased GP, release into the culture medium, SDS-PAGE analysis of 
nonreduced GP preparations was performed (Fig. 3). The mobility of the mutant GPs indicated 
that no GP r GP 2 covalent heterodimers were formed. This indicates that these mutations affect 
disulfide bonding between GP, and GP 2 , and that the most N-terminal cysteine residue GP, forms 
25 the cystine bridge with GP 2 . 



3+ 



Pseudotyped retroviruses bearing GPs containing substitutions for conserved 
cysteines. In order to assay the functional consequences of the mutations in GP, we examined 
the incorporation of the mutant GPs into recombinant retroviruses and gene transduction by the 
pseudotyped viruses (Fig. 4 and Table 2). Mutation of cys-53, which we identified as being 
involved in GP,-GP 2 cystine bridge formation, completely abolished incorporation of GP into 
pseudotyped retrovirus particles as well as transduction. Viruses bearing the C108G, C121G, 
C135S, or C147S GPs all conveyed lower levels of transduction than did the wild-type GP. All of 
these four mutant GPs exhibited a decrease in processing and incorporation into virus particles. 
We also examined the result of substituting two GP, cysteines simultaneously. Remarkably the 
virus bearing the C121G/C147S GP has nearly the same capacity to transduce cells as the wild- 
type GP (Table 2). This is despite the fact that the C147S GP.could not confer transduction 
capacity on pseudotyped viruses. The C 108G/C 135S GP possessed very modest function. 

Mutation of each of the ectodomain cysteines in GP 2 (cys-51 1 , cys-556, cys-601, cys-608, 
and cys-609) resulted in a reduction in the ratio of cell-associated mature GP, to GP,„ e , minimal-. - - 
incorporation of GP into retrovirus particles (Fig. 4), and the complete abolishment of transduction 
(Table 2). . It is worth noting that similar levels of the processed forms of the C601S and C608S 
GPs were detected and that these amounts were greater than those of the processed forms of 
C51 1G, C556S and C609S GPs. 

The two cysteines within the membrane-spanning sequence of GP 2 (C670 and C672) are 
palmitoylated (13). Substitution of either cys-670 or cys-672 or both with alanine residues did not 
have major effects upon GP processing and incorporation into retroviral particles (Fig. 5) nor did it 
affect function in the transduction assay (Table 2). The substitution of cys-670 with phenylalanine 
decreased transduction by 43%, and greatly reduced but did not eliminate GP processing and 
incorporation into pseudotyped particles. The C672F mutation led to a 24% decrease in 
transduction, and the glycoprotein was processed and incorporated into particles at near wild-type 
levels. The double mutant C670F/C672F was expressed and incorporated into viral particles at 
greatly diminished levels and had a complete loss of transduction capacity. 
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Pseudotyped retroviruses bearing GP$ with altered glycosylation. The effects of 
mutating conserved AMinked glycosylation sites (N-X-T/S) on pseudotyping and transduction 
were measured (Fig. 6 and Table 3). It was found that processing and incorporation of the mutant 
GPs was similar to that of the wild-type GP at six of the eight sites mutated. However, mutation 
of asn-40 (first AMinked glycan), which is near the cysteine that forms the GP,-GP 2 cystine 
bridge, and mutation of asn-296, which is on the cusp of the variable, mucin-like region, each 
resulted in a significant effect on viral transduction. The N40D mutation completely abrogated 
transduction (Table 3), and greatly reduced glycoprotein processing and incorporation into virus 
particles. In order to investigate further the role of glycan attachment at this site, aT42P mutation 
was engineered into the wild-type sequence, which would prevent glycan addition at asparagine- 
40. This mutation had no effect upon the transduction capacity of pseudotyped particles or upon 
. the level of expression and electrophoretic mobility of the proteins. This suggests that the negative 
effects of the N40D mutation resulted not from the loss of glyeosylation, but rather from 
conformational disruption produced by the substituted residue. . 

The role of O-glycosylation of the Ebola virus GP was examined through analysis of the 
effects of deleting the region of the protein that is O-glycosylated. Remarkably processing and 
viral incorporation of the A309-489 GP is greatly enhanced (Fig. 7), and there is a corresponding 
increase in transduction by the A309-489 GP pseudotyped viruses (Table 3). The absence of an 
increase in the mobility of the A309-489 GP upon sialadase A and endo-O-glycosidase treatment 
provides confirmation that the region of O-glycosylation of the glycoprotein has been removed 
(Fig. 8). 
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DISCUSSION 

The combination of protein expression and recombinant virus studies has enabled us to 
study the roles of covalent modifications of the Ebola virus GP complex. The primary and 
quaternary structures of the Ebola virus glycoprotein have remarkable similarities to those of 
5 retrovirus glycoproteins (6, 10, 16, 36), and the results presented here support the hypothesis that 
additional remarkable common properties are shared. 

The combination of sequence analysis, structure determination and the results presented in 
this article lead us to propose a model of the cystine bridge map of the Ebola GP (Fig. 9A). The 
extracellular domains of the Ebola vims glycoproteins contain 10 conserved cysteine residues, five 
l o in GP, and five in GP 2 . The five cysteines in the Ebola virus GP 2 are conserved in not only the 
Marburg virus GP 2 , but also in the avian sarcoma and leukosis virus (ASLV) TM glycoproteins, 
which are known to be linked by a stable disulfide bond to their SU components (Fig. 9B). On the 
basis of sequence analyses and X-ray diffraction studies pf Ebola GP 2 , a putative structure for the 
linkage of the Ebola virus GP, and QP 2 has taken shape; As we noted earlier, the first cysteine in 
1 5 GP, (qy s-53) had been predicted to be linked to the last cysteine in the extracellular domain in GP 2 
(cys-609) (10, 23). We have confirmed the involvement of the first cysteine in GP, in the 
disulfide linkage to GP,. A substitution of a glycine for cys-53 led to the release of most of GP, 
into the medium in the VV-T7 expression system (Fig. 2), with no evidence of C53G GP, being 
disulfide-Iinked to GP 2 in either the medium or the cell (Fig. 3). This amino-terminal cysteine is 
20 conserved in the GP of filoviruses, and it is anticipated that it also links the Marburg virus GP, to 
GP 2 . 

Conformational changes resulting from the elimination of the GP,-GP 2 cystine bridge 
probably produce the changes in processing that alter the mobility of GP 2 in polyacrylamide gels 
(Fig. 2). Substitutions for any of the GP 2 cysteines (cys-511, cys-556, cys-601, cys-608, and 
25 cys-609) all led to higher levels of secretion of the GP, in the VV-T7 experiments (Fig. 2), and 
inefficient processing and incorporation into recombinant Mo-MuLV (Fig. 4) particles and 
consequent abrogation of transduction capacity. We conclude from these data that when any of the 
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GP 2 cysteines are replaced with another residue, a disruption in the structure of GP, occurs that 
prevents the GP,-GP 2 linkage from forming. These changes in GP, did not appear to affect the 
migration or level of production of GP, in the VV-T7 expression system (Fig. 2), suggesting that 
disulfide bonding between cys-53 and cys-609 is not absolutely required for the transport and 
processing of highly expressed GP„ but increased GP^ in the cell may point to some reduction in 
trafficking of GP to the Golgi. In the cell lysates of the retroviral pseudotype producer cells, on 
the other hand, processing of the five mutants was greatly reduced. The pronounced effects of the 
GP, C601S, C608S, and C609S substitutions on processing are similar to those obtained when 
the equivalent residues of the MuLV TM protein were altered (28). 

It is noteworthy that in the pseudotype producer cells similar levels of the processed forms 
of the C60 IS and C608S GPs were detected and that these amounts were greater than those of the 
processed forms of the C51 1G, C556S, and C609S GPs (Fig. 4). Furthermore, in the VV-T7 •- : 
expression experiments only the C5 1 1G and C556S GP 2 molecules were easily detected, and they 
displayed a similar altered electrophoretic mobility (Fig. 2). . Given the premises of our 
experiments, these findings indicate that cys^601 and cys-608 are likely to form a cystine bridge, 
. as predicted by the structural studies (16, 36), and that cys-51 1 and cys-556 form another (Fig. • 
9A)! The filovirus GP,subunits and ASLV TMs contain an internal fusion peptide (residues 524 
to 539 in the Ebola virus GP 2 ) that is flanked by cysteine residues that correspond to this latter pair 
(cys-51 1 and cys-556). These cysteines are absent from the TM glycoproteins of other 
retroviruses, which have the fusion peptide positioned very close to the furin cleavage site. The 
filovirus GP 2 and ASLV TM cystine bridge could help stabilize the stalk structure and fix the 
fusion peptide into a conformation that is favorable for membrane insertion. It should be noted that 
our results indicating processing defects for the C5 1 1G and C556S GPs in the pseudotype 
producer cells contrast somewhat with recently published data concerning the ASLV TM. It was 
demonstrated that substitution for residues in the ASLV TM that are equivalent to cys-5 1 1 and cys- 
556 does not affect ASLV glycoprotein processing (3). Nevertheless the entry of viruses bearing 
the altered glycoproteins was dramatically reduced. It appears likely that, although there are similar 




structural consequences of elimination of the cystine bridge in the ASLV TM and Ebola GP. they 
manifest themselves earlier in the case of the Ebola glycoproteins. 

It has been proposed, through analogy to the thiol-disulfide exchange reactions that take 



piace in the MuLV glycoproteins (19, 24), that the disulfide bond described above between GP, 
5 and GP 2 may be reduced by a cellular enzyme upon entry of the Ebola virus (24). It is evident 
from our studies and those performed previously that a significant amount of GP, is normally 
released into the medium from cells infected with Ebola virus or expressing the GP gene transiently 
(33); dissociation of GP1 from GP2 could occur within the cell or when the peplomer is exposed 
on the cell surface. The apparent ease with which GP, is released from the peplomer could be 
to advantageous to the virus, especially if the large globular GP, molecules interfere with later stages 
of virus entry. 

Four cysteine residues in the Ebola GP, molecule, cys-108, cys-121, cys-135, and 
■ "'■ cysl47, are likely to be linked in two intramolecular cystine bridges: (Fig. 9A). The GP containing 
the C121G mutation showed the least impairment of function, which suggests that the disulfide- • 
is • bond partner of cys-121 may not be exposed on the surface (4, 24). It is noteworthy that the 

, processing of the C121G and C147S GPs is similar in each of the.two expression systems (Fig. 2 
and Fig. 4), which, by the premises of our experiments would indicate that cys-121 and cys-147 
form a disulfide bond in the wild-type protein. Further support for this prediction is provided by 
the finding that the C121G/C147S GP can convey transduction capacity on virus equivalent to that 
20 conveyed by the wild-type GP despite the low level of function of the C 147S GP (Table 2). 

Consistent with this proposal is the probability of a cystine bridge between cys-108 and cys-135 of 
the Ebola GP,. These residues are also conserved in the GP, molecules of all Marburg virus 
isolates. Together our data provide strong support for our proposed cystine-bridge map (Fig. 9A). 
Virtually all of the N-glycosylation sites in the Ebola glycoprotein that we eliminated were 
25 individually dispensable (Fig. 6, Table 3). These data are very similar to those obtained when the 
W-glycosylation sites of the MuLV env proteins were mutated (9, 14, 15). Our results bode well 
for structural studies in which reduction of protein glycosylation (and consequent heterogeneity) is 
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advantageous to protein crystallization. In this context it is worth noting the effects of eliminating 
the first site of GP, N-glycosylation, which precedes cys-53 by eleven residues. The mutant 
glycoprotein bearing the N40D substitution is secreted at higher levels in the W-T7 expression 

system, is poorly processed and incorporated into the Mo-MuLV particles, and has no transduction 

5 capacity. However, it is not the N-glycosylation per se that is required, since a T42D substitution 
(which would also eliminate the first site of TV-glycosyJation) did not impair transduction. 

There are conserved JV-glycosylation sites in similar relative positions near the intersubunit 
half-cystines in the SU proteins of the MuLVs and homologous virus glycoproteins (14, 19), and 
it has been shown that an aspartate for asparagine substitution at this site leads to complete loss of 
10 function (9, 14). Remarkably, substitution of a valine for the threonine residue at this N- 
■ glycosylation site, which is similar to our GP.T42D substitution, does not lead to such severe 

defects in function (15). It was concluded that although iV-glycosylation at the conserved site was 

,. " not required for i n f ec tivity, the conformation of this region of the polypeptide was critical for 

• : normal envelope protein processing and glycoprotein subunit association and that W-glycosylation 
. is played a role in these functions (15). It is likely that the conformational role of the first M- 

glycosylation site of Ebola GP, is similar. . Although this site is conserved in all Ebola virus GP, 
molecules, an equivalent site in the GP, of Marburg virus is absent. 

Significant deleterious effects on GP, and GP 2 processing were observed when the N563D 
substitution mutant was expressed in the VV-T7 system. The two GP 2 iV-glycosylation sites may 
10 together play an important role in glycoprotein folding. Intra- and intermolecular disulfide-bond 
formation or reduction could be facilitated by the proximity of AMinked glycans to particular 
cysteine residues. In this context it is noteworthy that ER-localized thiol-disulfide exchange 
enzymes that promote disulfide-bond formation in secreted proteins appear to be found in a 
complex with the W-glycan-binding ER chaperones calnexin and calreticulin (17). It is interesting 
2S that the Rous sarcoma virus TM also has N-glycosylation sites near the ectodomain cysteine 

residues (Fig. 9B) and that some of the retroviral TMs that have their fusion peptides positioned at 
the extreme amino-terminus have only, one predicted N-glycosylation site, which is located near the 



cysteine involved in forming the SU-TM linkage. 

The effect of deleUng the O-glycosylation region of GP, 0*309-489) on expression and 
transduction were striking. This segment, which is rich in proline, serine, and threonine residues 
is the most variable among the Ebola GPs. Elimination of this mucin-like domain results in 
enhanced GP processing and incorporation into retroviral particles (Fig. 7) and consequently 
higher levels of transduction by the pseudotyped retroviruses (Table 3). It is possible that the 
wild-type GP is retained in the Golgi apparatus until all of the serines and threonine residues in the 
mucin region are modified. Elimination of this segment may permit more rapid transit through the 
Golgi apparatus and higher levels of processing to GP.and GP 2 and pf cell-surface expression. 
Increased viral incorporation may also result from a diminution of GP toxicity. It has been 
reported thatme deletion of the 0-glycosylation region reduces the cytopathic effects of Ebola virus 
GPexpression (40). It has also been suggested that the expression of high levels of the wild-type 
Ebola GP might lead to exhaustion of the cellular glycosyjation machinery (32), which is 
consistent with our results and our interpretation. In any case, the improved levels of transduction 
by the virus pseudotyped with the A309-489 GP, combined with its potential safety advantages, 
should make such recombinant virus the first choice for gene therapies utilizing Ebola GP- 
pseudotyped retroviruses or lentiviruses. 

The conservation of a mucin domain and its variability between isolates indicates that it is 
likely to be playing a critical in the ecology and pathogenesis of the virus, which cannot be 
assessed in the pseudotype system. The probable surface exposure of the charged sugar moieties 
in this region might make it a dominant target for the humoral immune system. The fact that it is 
apparently not participating in viral entry could mean that antibodies against it are not neutralizing. 
In addition, its toleration for variation could allow the virus to readily escape immune recognition 
through mutation. The mucin-like qualities of the outer surface of the peplomer, along with its 
size, may also act as a barrier to immune recognition and virus clearance. 

The presence of cysteines in membrane-spanning regions appears to be a conserved feature 
of many virus glycoproteins, including the TMs of retroviruses. Analysis of the effects of 
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substitutions of the conserved cysteine residues of the membrane-spanning sequence of Ebola 
virus OP 2 , indicates that the nature of the substituted residue is critical. Substitutions of alanine 
residues for either cys-670 or cys-672 or both led to no major consequences in our assays, these 
results arc similar to those obtained in a system where vesicular stomatitis virus was pseudotyped 
with mutant Ebola GPs (13). Substitutions of phenylalanine for either cys-670 or cys-672 had 
only moderate effects on transduction titers, whereas mutant Ebola glycoproteins bearing 
substitutions in both sites were poorly expressed and incapable of promoting transduction (Table 
2). 

Our biochemical data confirm the significance of the sequence similarity between the 
filovirus GP 2 and the TM of oncogenic retroviruses, in particular, the TM of ASLVs (10). These 
findings support the hypothesis of a common evolutionary origin. The fact that the retrovirus TMs 
. thatshow the greatest similarity to filovirus GP 2 molecules come from birds could be an indication 
that avian species have or have had some rote in the ecology and evolution of filoviruses. 
• * In conclusion, this study has providedthe basis for a" greater understanding of the structure 
and function pf the Ebola GP, and has enhanced our appreciation of the relationship between the 
. filovirus and retrovirus glycoproteins. We have demonstrated the importance of the conserved 
cysteines of the Ebola virus GP on its processing, assembly of the peplomer, and virus entry. 
Although individual conserved iV-glycosylation sites were not found to be as important as the 
conserved cysteines, it is expected that collectively they have a strong influence on protein folding 
and disulfide bond formation. Our finding that the elimination of the region of O-glycosylation of 
the Ebola GP enhances its processing, incorporation into retrovirus particles and transduction by 
pseduotyped retroviruses could have major implications for gene-therapy applications. We 
anticipate that further analyses of the Ebola virus GP will provide additional insights into the 
mechanisms of virus entry for filoviruses and other pathogenic viruses. 
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Figure Legends 

FIG. 1 Schematic representation of the Ebola virus glycoprotein. The GP, and GP 2 subunits of 
the glycoprotein are drawn to scale (resio^eTTUmBeTs are indicated l^low We diagram):Fosftions 
of the signal sequence (diagonal bars), conserved cysteine residues (S), the mucin-like region 
(region of O-linked glycosylate, black), furin cleavage site, the fusion peptide (vertical bars), the 
coiled-coil domain (diagonal bars), and the membrane-spanning domain (horizontal bars) are 
indicated. 

FIG. 2. Radioimmunoprecipitation of GP in 293 cells. The GP proteins encoded by the plasmids 
listed in Table 1 were expressed in 293 cells using a W-T7 system and radiolabeled with 
[^cysteine. They were then immunoprecipitated, and the reduced proteins were analyzed on 
.10% SDS-PAGE gels under reducing conditions, and autoradiography was performed. 
Immunoprecipitated GP secreted/released into the medium (M) or associated with the cell 
monolayer (L) were run side-by-side; only the relevant portions of the gels are shown. The 
migration positions of GP„ GP ?> and GP^ are identified in the left margin; GP^ is an uncleaved 
immature or precursor form of GP that is primarily associated with the ER (27). Asterisks next to 
GP, identify increased levels of this glycoprotein in the medium relative to cell-associated GP,, as 
compared to the wild type. Asterisks in the GP 2 region identify faster migrating forms of GP 2 . 
There are cross-reactive species migrating just slower and somewhat faster than the wild-type GP 
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FIG. 3. Migration of GP under nonreducing conditions. An autoradiogram of the SDS-PAGE 
analysis (under nonreducing condtions) of the wild-type GP and of those proteins analyzed in 
Figure 2 that demonstrated increased release of GP, into the medium. Immunoprecipitated GP 
secreted/released into the medium (M) or associated with the cell monolayer (L) were run side-by- 
side. The migration positions of GP P GP 2 , and GP^ are identified in the left margin 

FIG. 4. Analysis of the expression and incorporation into pseudotyped retroviruses of Ebola GPs 
with substitutions of ectodomain cysteine residues. <J>NX cells were transfected with plasmids 

encoding Ebola GPs. The cell lysates (L) and viral particles collected from the culture medium (M) 
were analyzed by SDS-PAGE (8.5% acrylamide) and immunoblotting utilizing anti-Ebola SGP/GP 
antibody. Analysis of an aliquot of the cell lysates that v/as treated with PNGase F (+), which 
removes //-linked glycosylatiori, is also presented. The migration of this mature GP,, GP 0 (the 
glycosylated but uncleaved glycoform) , GP^ (the iV-glycosylated but not O-glycosylaied 
uncleaved glycoform) and deglycosylated GP 0 and GP^ is indicated. 

FIG. 5. Analysis of the expression and incorporation into pseudotyped retroviruses of Ebola GPs 
with substitutions of membrane-spanning-domain cysteine residues. Analysis was conducted as 
described in Figure 4. The migration of the mature GP,, GP p (the glycosylated but uncleaved 
glycoform) , GP prc (the //-glycosylated but not O-glycosylated uncleaved glycoform) and 
deglycosylated GP 0 and GP prc is indicated. 

FIG. 6. Analysis of the expression and incorporation into pseudotyped retroviruses of Ebola GPs 
with substitutions eliminating sites of N-glycosylation. Analysis was conducted as described in 
Figure 4 except that no PNGase F was performed. The migration of the mature GP,, GP 0 (the 
glycosylated but uncleaved glycoform) , GP^ (the //-glycosylated but not O-glycosylated 
uncleaved glycoform) and GP 2 is indicated. 
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FIG. 7. Analysis of the expression and incorporation into pseudotyped retroviruses of the A309- 
489 Ebola GP . Analysis was conducted as described in Figure 4. The migration of the mature 
GP,,GP 0 (the-glycosylatedbutuncleaved^ 

glycosylated uncleaved glycoform) and deglycosylated GP 0 and GP^ forms of the wild-type GP 
and of the GP,, GP„ and deglycosylated GP, and GP 0 forms of the A309-489 GP is indicated. 

FIG. 8. Analysis of the glycosylate of the A309-489 Ebola GP incorporated into pseudotyped 
retroviruses. Analysis was conducted as described in Figure 4 except that aliquots of the samples 
were also treated with PNGase F and endo-O-glycosidase or a combination of PNGase F, endo-O- 
glycosidase. galactosidase and glucosiminidase. The migration of the mature GP, of the 
wild-type and A309-489 GPs is indicated. In this experiment a glycosylated serum protein 
possessing a mobility intermedi ate between those of the wild-type and A309-489 GP,s is detected. 
The heterogeneous mobility of the PNGaseF-treated proteins is indicative of incomplete removal of 
AP-glycosylation. 

FIG. 9. Cystine-bridge mode! of the Ebola virus GP and comparison of GP 2 to the Rous Sarcoma 
Virus glycoprotein TM subunit. Representational elements for signal sequence, the mucin-like 
region, the fusion peptides, the coiled-coil domains and the membrane-spanning domains are 
identical to those used in Figure 1. (A) The cystine bridge arrangement in the Ebola virus GP 
deduced from the results presented here and the critical W-glycosylation sites (Y) discussed in the 
text are depicted. (B) The proposed cystine-bridge model for the TM protein of Rous sarcoma 
virus (an ASLV) is presented for comparison with that of the Ebola virus GP,. 
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TABLE 1. Mutant Ebola GPs expressed using the W-T7 system 



C53G(GP,cys#l) 
C108G(GP,cys#2) 
CI21G (GP.cys #3) 
C135S(GP,cys#4) 
C147S (GP,cys#5) 
N40D (GP, AN-glycan #1) 
N204D (GP, AN-glycan #2) 
N238Y (GP, AN-glycan #4) 
N257D (GP, AN-glycan #5) 
N277D (GP, AN-glycan #6) 
N296D (GP1 AN-glycan #7) 



C511G(GP 2 cys #1) 

C556S (GP 2 cys#2) 

C601S (GP 2 cys #3) 

C608S (GP 2 cys #4) 

C609S (GP 2 cys #5) 

C670F (GPjeys #6) 

C672F (GP 2 cys #7) 

C670F/C672F (GP 2 cys #6+#7) 

N563D (GP 2 AN-glycan #1) 

N618D (GP 2 AN-glycan #2) 



TABLE 2: Transduction of N1H 3T3 cells by virus pseudotyped- 
with mutant Ebola GPs with substitutions for cysteine residues. 

5 . . : ~ • 

Mutant Glycoprotein Transduction (% wild-type ) 

C53S ! <0.1% ^~ ~ 

C108G 8.2+/- 4.3% 

10 C121G 59+/- 8% 

C135S <0.1% 

C147S 2.3 +/- 2.0% 

C108G/C135S 1-1 +/- 1.0% 

C108G/C147S <0.1% 

is C121G/C135S 0.5 +/- 0.5% 

C121G/C147S 72+/- 30% 

C5HG ' <0.1% 

C556S <0.1% 

C601S <0.1% 

20 C608S <0.1% 

C609S <0.1% 

C670F 57 +/-7% 

C672F 76 +/- 4.0% 

C670F/C672F <0.1%. 

2S C670A 113+/- 21% 

C672A 98+/- 28% 

C670A/C672A 82 +/- 15% 

Average transduction by virus bearing wild-type GP 
was 1.5xl0 4 TU/ml 
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TABLE 3. Transduction of N1H 3T3 cells by virus pseudotyped 
with mutant Ebola GPs with altered glycosylation 



T Mutant Glycoprbfeih 



Transduction wild-type") 



10 



15 



N40D 


<0.1% 


T42D 


113+/- 17% 


N204D 


102 +/- 14% 


N238Y 


88+/- 4% 


N257D 


88 +/- 9% 


N277D 


84 +/- 10% 


N296D 


62 +/- 10% 


N563D 


80% +/- 4% 


N618D 


102 +/- 3% 


A309-489 


. 696+/- 142% 



Average transduction by virus bearing wild-type GP 



was 1.4xl0 4 TU/ml 
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The foregoing detailed description and examples have been given for clanty of 
understanding only. No unnecessary limitations are to be understood therefrom. The invention 
—is not limited to the exact details shown and described, for variations obvious to one skilled in 
the art will be included within the invention defined by the claims. 

The complete disclosure of all patents, patent applications, and publications, and 
electronically available material (including, for example, nucleotide sequence submissions in, 
e g., GenBank and RefSeq, and amino acid sequence submissions in, e.g., SwissProt, r*JK, fKt% 
PDB and translations from annotated coding regions in GenBank and RefSeq) cited herein are 
incorporated by reference. In addition to the documents cited above the following ^™ien£ 
are also incorporated by reference: WO 00/08131 (Sanders et al., published February 17, 2000) 
and Sharkey et al., J. Virol. 75:2653-2659 (March, 2001). 



What is claimed is: 

1. A pseudotyped retrovirus comprising one or more elements as described herein. 

2. A cell for producing a pseudotyped retrovirus, the cell comprising one or more elements 
as described herein. 
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METHODS FOR GENE TRANSFER USING PSEUDOTYPED LENTTVIRUSES 

FIELD OF THE INVENTION 

This invention relates generally to methods for gene transfer to cells using 
5 pseudotyped lentrviruses and more specifically to methods for gene transfer using 
togaviral and filoviral glycoprotein-pseudotyped lentiviruses. 

BACKGROUND OF THE INVENTION 

Gene therapy is one of the fastest growing areas in experimental medicine. 
10 However most studies are only Phase I or Phase H clinical studies designed mainly to 
evaluate the toxicity of the viral vectors and constructs being used. A major 
drawback has been the design of vectors that are both safe and efficacious. 

Recently retroviruses have generated a great deal of interest for use as viral 
vectors. One major drawback for retroviral vectors designed to date is their inability 
15 to transduce non-dividing cells, such as airway epithelium, hepatocytes and brain glial 
cells. Retroviral vectors used in ex vivo and in vivo transduction of hepatocytes 
required inducing the hepatocytes to proliferate by complex and artificial procedures. 
One clinical trial was conducted to treat familial hypercholesterolemia by retroviral- 
mediated ex vivo gene transfer. The LDL receptor gene was introduced into 
20 hepatocytes that had been surgically removed from patients and which were then 
reinfused into the liver following gene transduction. There was no convincing 
evidence, however, of therapeutic efficacy. Liver biopsies were removed after 
treatment, and few cells tested positive for the expression of LDL-receptor, indicating 
that transduction efficiency was not high. In vivo retroviral-mediated transduction of 
25 hepatocytes was even more complicated, as it required artificial regeneration of the 
liver to give dividing cells. Ferry, N. et al„ Hum. Gene Ther. 9:1975 (1998). 

Retroviral vectors offer several potential advantages for attaining persistent 
expression of a therapeutic gene in airway epithelium for diseases such as cystic 
fibrosis. However, several problems have limited their application. 
30 The airway epithelium possesses several unique properties that make it a 

formidable target for successful gene transfer. Among these are the many innate and 
adaptive host defense functions mat the epithelium and resident immune effector cells 
perform. The pulmonary epithelium has evolved to prevent the invasion of the host 
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by microbes and these same strategies may act as barriers for gene transfer vectors. 
Advances in the field of gene transfer to airway epithelial cells have occurred as an 
understanding of the cell biology of epithelial host defenses and virus-cell interactions 
has increased. 

5 Recombinant vectors based on Moloney murine leukemia virus (MoMLV) 

were the first retroviruses used for gene transfer to airway epithelium. Several studies 
demonstrated the potential for MoMLV-based vectors to persistently transduce airway 
epithelium by showing that the retroviral vectors could transduce airway epithelium 
ex vivo and furthermore, that the Cl-transport defect in cystic fibrosis (GF) airway 
10 epithelial cells was corrected by transducing the cells in vitro with a MoMLV 
retrovirus vector expressing the CFTR cDNA. However, MoMLV-based vectors 
require cell division in order for the integration complex to enter the nucleus. 
However, the normal airway epithelium is mitotically quiescent with less than 1% of 
the cells dividing. Therefore, transduction efficiency is low in airway epithelial cells. 
15 Thus it would be desirable to have a retroviral vector that can efficiently 

transduce non-dividing cells, particularly hepatocytes, brain glial cells airway 
epithelial cells. It would be further desirable if such vectors were efficient in 
transducing hepatocytes, brain glial, and airway epithelial cells in vivo. 

20 SUMMARY OF THE INVENTION 

Provided in the present invention are methods for introducing nucleic acid 
sequences encoding a desired protein into a hepatocyte, brain glial or airway 
epithelial cell using a filoviral or togaviral glycoprotein pseudotyped lentiviruses. In 
one embodiment, the viruses can be used in vitroto introduce a nucleic acid sequence 

26 into a cell. In another embodiment, the viruses of the present invention are used for in 
vivo introduction of a nucleic acid sequence into a hepatocyte, brain glial or airway 
epithelial cell. In yet another embodiment, the nucleic acid sequence encodes CFTR 
and the cells are airway epithelial cells and the methods further comprise application 
of the pseudotyped vims to the apical surface of the airway. In an alternate 

30 embodiment the nucleic acid sequence encodes for the LDL receptor, alphal- 
antitrypsin, ornithine transcarbamylase, Factor VIII or a high affinity glutamate 
transporter. The methods further comprise application of the pseudotyped lentivirus 
to the liver and the brain. 
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Ffloviral and togaviral glycoprotem-pseudotyped lentrviruses are provided for 
• use in the methods of the present invention. The viruses comprise a lentiviral capsid 
and a viral envelope further comprising a lipid bilayer and a functional filoviral 
glycoprotein or two functional togaviral glycoproteins. In one embodiment the 
5 lentivirus is a feline immunodeficiency virus (FTV). In an alternate embodiment the 
filoviral glycoprotein is a Marburg or Ebola virus glycoprotein. In a further 
embodiment the Marburg vims glycoprotein has a mutation in the C-terminal portion 
of the amino acid sequence that results in a higher titer production of the pseudotyped 
virus. The Marburg virus glycoprotein can have a C671A or a Y679 stop mutation. 
10 Pseudotyped virus comprising Marburg vims glycoprotein with at least one of these 
mutations have at least a two-fold increase in virus titer production. In an alternate 
embodiment, the togaviral glycoproteins are alphavirus glycoproteins, preferably the 
El andE2 envelope glycoproteins of Ross River virus (RRV). 

Additional objects, advantages, and features of the present invention will 
15 .become apparent from the following description, taken in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE FIGURES 

The various advantages of the present invention will become apparent 
20 to one skilled in the art by reading the following specification and by referencing the 

following drawings in which: 

Figure 1 A is a photograph of the en face view of duplicate samples of x-gal 
stained liver slices showing the efficiency of transducing hepatoses with RRV 
pseudotyped FTV having a p-galactosidase reporter gene; 
25 Figure IB is a photograph of the en face view of duplicate samples of x-gal 

stained liver slices showing the efficiency of transducing hepatocytes with VSV-G 
pseudotyped FTV having a 0-galactosidase reporter gene; 

Figure 1C is a photograph of the en face view of duplicate control samples of 
x-gal stained liveT slices treated with PBS; 
30 ' Figure ID is a photograph of a liver slice stained with hematoxylin and eosm 
showing efficiency of transducing hepatocytes with RRV pseudotyped F1V having a 
0-galactosidase reporter gene; 
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Figure IE is a photograph of a liver slice stained with hematoxylin and eosin 
showing efficiency of transducing hepatocytes with VSV-G pseudotyped FIV having 
a p-galactosidase reporter gene; 

Figure IF is a photograph of a control liver slice stained with hematoxylin and. 
5 eosin which was treated with PBS; 

Figure 2A is a bar graph showing the effect of RRV-pseudotyped FIV and 
VSV-G pseudotyped FIV on liver function as measured by serum SGPT levels; 

Figure 2B is a bar graph showing the effect of RRV pseudotyped FTV and 
VSV-G pseudotyped FIV on liver function as measured by serum SGOT levels; 
10 Figure 3A is a photograph of showing the production of p-galactosidase by 

astrocytes transduced with RRV-pseudotyped FTV ; 

Figure 3B is a photograph of showing the production of GFAP by astrocytes 
transduced with RRV-pseudotyped FTV ; 

Figure 3C is a photograph of showing the production of p-galactosidase and 

15 . GFAP by astrocytes transduced with RRV-pseudotyped FIV ; 

Figure 4A is a photograph showing the production of p-galactosidase by 
oligodendrocytes transduced with RRV-pseudotyped FTV; 

Figure 4B is a photograph showing the production of CNPase by 
oligodendrocytes transduced with RRV-pseudotyped FTV; 
20 Figure 4C is a photograph showing the production of p-galactosidase and 

CNPase by oligodendrocytes transduced with RRV-pseudotyped FTV; 

Figure 5A is a photograph showing the production of p-galactosidase by 
oligodendrocytes transduced with RRV-pseudotyped FTV; 

Figure 5B is a photograph showing the production of CNPase by 
25 oligodendrocytes transduced with RRV-pseudotyped FTV; 

Figure 5C is a photograph showing the production of P-galactosidase and 
CNPase by oligodendrocytes transduced with RRV-pseudotyped FTV; 

Figure 6 is a table showing the selective transduction of CNS cell types by 
FTV vectors pseudotyped with RRV envelope glycoproteins. 
30 Figure 7A is a photograph showing gene transfer in human airway epithelia 

that were exposed on the apical surface to FTV pseudotyped with, VSV-G; 
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Figure 7E is a photograph showing gene transfer in human airway epitbelia 
that were exposed on the basolateral surface to FIV pseudotyped with VSV-G; 

Figure 7C is a photograph showing gene transfer in human airway epithelia 
that were exposed on the apical surface to FTV pseudotyped with Marburg 
5 glycoprotein; 

Figure 7D is a photograph showing gene transfer in human airway epithelia 
that were exposed on the basolateral surface to FIV pseudotyped with Marburg 
glycoprotein; 

Figure 8 is a schematic showing mutations at the C-tenninus of the amino acid 
10 sequences of the Marburg envelope glycoprotein (SEQ. ID. NOs: 1-7); 

Figure 9 is a bar graph showing the effect of mutations at the C-terminus of 
the Marburg envelope glycoprotein on the titer of FIV . pseudotyped with the mutant 

Marburg glycoproteins; and 

Figure 10 is a schematic showing the amino acid sequence (SEQ. ID. NO: 8) 

15 . of the Marburg envelope glycoprotein- 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides methods for introducing nucleic acid 
sequences encoding a desired protein into a hepatocyte, brain glial or airway epithelial 
20 cell using a filoviral or togaviral glycoprotein pseudotyped lentivirus. In one 
embodiment, the viruses can be used in vitro to introduce a nucleic acid sequence into 
a cell. In another embodiment, the viruses of the present invention are used for in 
vivo introduction of a nucleic acid sequence into a hepatocyte, brain glial or airway 
' epithelial cell. In yet another embodiment, the nucleic acid sequence encodes CFTR 
25 and the cells are airway epithelial cells and the methods further comprise application 
of the pseudotyped virus to the apical surface of the airway. In an alternate 
embodiment the nucleic acid sequence encodes for the LDL receptor, alphal- 
antitrypsin, ornithine transcarbamylase, Factor Vm or a high affinity glutamate 
transporter. The methods further comprise application of the pseudotyped lentivirus 

30 to the liver and the brain. 

Filoviral glycoprotein-pseudotyped lentiviruses are provided for use in the 
methods of the present invention. The viruses comprise a lentiviral capsid and a viral 
envelope further comprising a lipid bilayer and a functional filoviral glycoprotein. In 
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one embodiment the lentivirus is a feline immunodeficiency virus (FIV). In an 
alternate embodiment the viral glycoprotein is a Marburg virus glycoprotein. The 
Marburg virus glycoprotein can have a mutation in the C-tenninal portion of the 
amino acid sequence that results in a higher titer production of the pseudotyped virus. 
In a further embodiment, the Marburg virus glycoprotein has a C671A or a Y679 stop 
mutation. Pseudotyped viruses comprising Marburg virus glycoprotein with at least 
one of these mutations have at least a two-fold increase in virus titer production- In 
yet another alternate embodiment, the glycoprotein is an Ebola virus glycoprotein. 

It will be appreciated by Ihose skilled in the art that conservative substitutions 
of amino acids can be made without substantially changing die activity or structure of 
a protein. In one embodiment, the cysteine at position 671 of the Marburg 
glycoprotein is replaced by an alanine, valine, glycine, isoleucine, or leucine (Figure 
8 SEQ ID.NO: 4). It has been shown that when the cysteine at position 671 is 
replaced by an aliphatic, non-polar amino acid, me titer of BV pseudotyped with the 
15 mutant Marburg • glycoprotein increases about at least 3-fold (Figure 9). In an 
alternate embodiment, me amino acid sequence of the Marburg glycoprotein is 
truncated at the C-terminus. In another embodiment, the ammo acid sequence is 
truncated from about isoleucine 680 <I680Stop) to about phenylalanine 676 
(F676Stop) (Figure 8, SEQ. ID. NO: 7)). Truncating the amino acid sequence of the 
20 C-terminus of the Marburg glycoprotein results in at least a 2-fold increase in the titer 
of FTV pseudotyped with the truncated glycoprotein (Figure 9). 

Togaviral glycoprotein-pseudotyped lentiviruses are also provided for use in 
the methods of the present invention. The viruses comprise a lentiviral capsid and a 
viral envelope further comprising a lipid bilayer and two functional togaviral 
glycoproteins. In one embodiment the lentivirus is a feline immunodeficiency virus 
(FIV) which has two togaviral glycoproteins imbedded into the lipid bilayer 
surrounding the capsid. Examples of, but not limited to, togaviral glycoproteins are 
alphavirus glycoproteins, preferably the El and E2 envelope glycoproteins of Ross 
River virus (RRV). It was recently reported that by manipulating the El and E2 RRV 
30 glycoproteins so that they were expressed by individual genes in a packaging cell 
system, a stable cell line producing an RRV-pseudotyped Moloney murine virus was 
obtained. Sharkey, CM., et al., J. Virol. 75:2653 (2001). 
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Tb<? pseudotyped viruses of the present invention may further comprise 
another nucleic acid sequence that encodes a desired protein. The protein can be such 
that it provides a beneficial or therapeutic effect if introduced into an animal. For 
example, a gene may encode a protein that is needed by an animal, either because the 
5 protein is no longer produced, is produced in insufficient quantities to be effective in 
performing its function, or is mutated such that it either no longer functions or is only 
partially active for its intended function. The nucleic acid sequence may be 
introduced into the pseudotyped virus in a variety of ways known to the skilled 
artisan. In one embodiment, the nucleic acid sequence encodes for CFTR (cystic 
10 fibrosis transmembrane regulator protein), the chloride transporter that is involved in 
cystic fibrosis. The absence of CFTR function in lung epithelium due to mutations in 
the gene encoding CFTR, results in a severe lung disease that cannot be readily 
reversed or controlled by conventional treatment Lack of CFTR function in the lung 
results in airway fluid with an altered ion composition, thereby creating a favorable 
15 environment for disease-pausing bacteria to colonize the lung. Additionally, mucus . 
secreted into the lung becomes thick and viscous, preventing normal clearing of the 
bacteria from the airways. The chronic bacterial infection leads to destruction of lung 
tissue and loss of lung function. Replacing the defective gene with a copy that 
encodes for a functional CFTR can abate the symptoms. In an alternate embodiment, 
20 the nucleic acid sequence encodes for the LDL receptor, alphal -antitrypsin, ornithine 
transcarbamylase, Factor Vm or a high affinity glutamate transporter. For example, 
increasing the expression of the LDL receptor in the liver allows for more efficient 
clearance of LDL-cholesterol from the body. 

Alternatively, the desired protein may be one that allows die entry of the virus 
25 into a cell to be detected. For example, a visually detectable component, or marker, 
such as one that emits visible wavelengths of light, or that may be reacted with a 
substrate to produce color of specified wavelengths. For example, such nucleic acid 
sequences include the nucleic acid sequence encoding the Aequorea victoria green 
fluorescent protein and the LacZ gene that encodes for beta-galactosidase, both of 
30 which are well known in the art and may be obtained commercially. 

Methods of introducing a nucleic acid sequence encoding, a desired protein 
into a cell are provided. In one embodiment, the method includes contacting, or 
transducing, an airway epithelial cell with a lentivirus that has been pseudotyped with 



3220-71692 



a filoviral glycoprotein that includes the desired nucleic acid sequence in its genome. 
The level of transduction may be monitored by assaying methods known to the skilled 
artisan, and include assaying for the protein of interest encoded by the introduced 
. nucleic acid sequences or assaying for the presence of the nucleic acid sequences. 
5 In a surprising result, the pseudotyped viruses of the present invention were 

found to effectively transduce airway epithelium when introduced to the apical 
surface of the airways. One of the major barriers to gene therapy in airways is the 
resistance of airway epithelium to transduction by viral vectors in vivo. The apical 
surface of the epithelial is the surface that file viral vectors contact when provided 
10 directly into the airways. Multiple factors present on the apical surface of epithelia 
may act as physical barriers preventing vector access to receptors. These include 
mucus, airway surface liquid and its components, immune effector cells, such as 
macrophages and neutrophils, and the extracellular matrix. Although the viral vectors 
for transporting CFTR into airway epithelial have been constructed previously, none 

.15. _ have been particularly effective. 

In another embodiment, the method includes contacting, or transducing, a 
hepatocyte or brain glial cell with a lentivirus that has been pseudotyped with 
togaviral glycoproteins that includes the desired nucleotide sequence in its genome. 
The level of transduction may be monitored by assaying methods known to the skilled 
20 artisan, and include assaying for the protein of interest encoded by the introduced 
nucleotide sequences or assaying for the presence of the nucleotide sequences. In a 
surprising result, the pseudotyped viruses of the present invention were found to 
effectively transduce hepatocytes in vivo. Previous reports of transduction of 
hepatocytes by retroviral vectors have suggested that in vivo gene therapy for liver 
25 defects and diseases would be difficult Figures 1A-1F show that transduction with 
RRV-pseudotyped FW is extensive throughout the liver (Figure 1 A), especially when 
compared to a VSV-G pseudotyped lentivirus control (Figure IB). Furthermore, the 
viruses of the present invention do not affect liver function as measured by SGOT and 
SGPT levels of treated livers (Figures 2A and 2B). This is in stark contrast to the 
30 VSV-G pseudovirus (Figures 2A and 2B), which has been reported to be toxic to a 
variety of cell types. 

In an alternate embodiment, the cells are brain glial cells. One type of glial 
cell, oligodendrocytes, is responsible for formation of the myelin sheath that protects 
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the spinal cord. In multiple sclerosis/both oligodendrocytes and the myelin sheath 
are destroyed. Another type of glial cell, astrocytes, contains high affinity glutamate 
transporters that are critical in maintaining the extracellular glutamate concentration at 
sub-excitotoxic levels and thereby preventing neuronal cell death. Insufficient 
5 glutamate uptake by the transporters is believed to play a role in amyotrophic lateral 
sclerosis, Alzheimer's disease, schizophrenia, and AIDS by way of non-hmiting 
example. Astrocytic uptake of glutamate may also serve to fine-tune the time course 
of glutamate in the synaptic cleft, perhaps by tenninating the synaptic signal. 
Additionally, astrocytes may mediate inter-synaptic spillover of glutamate. The 
10 togaviral glycoprotein pseudotyped lentiviruses of the present invention are selective 
for transducing glial cells as compared to other CNS cells. A feline 
immunodeficiency virus (HV) pseudotyped with at least two different Ross River 
(RRV) viral glycoproteins was effective in transducing brain astrocytes (Figures 3A- 
3Q. The presence of the marker protein GFAP confirmed that the brain glial cells 
.15 were astrocytes. The FTV virus pseudotyped with RRV glycoproteins was also 
effective in transducing oligodendrocytes (Figures 4A-4C and 5A-5C). The presence 
of the marker protein CNPase confirmed that the brain glial cells were 
oligodendrocytes. The data in the table of Figure 6 confirms the selective 
transduction of astrocytes and oligodendrocytes (oligos) by the togaviral pseudotyped 
20 lentivirus as compared to other types of brain cells. 

The pseudotyped viruses can be introduced into a mammal requiring gene 
therapy by a number of ways known to the skilled artisan. For airway epithelium, the 
viruses can be introduced directly into the airway by inhalation aided by a nebulizer 
or an inhaler. The pseudotyped lentiviruses of the present invention can also be 
25 injected intravenously for systemic gene delivery. The pseudotyped lentiviruses can 
also be injected directly into the liver or the brain parenchyma. Alternatively, 
hepatoses, brain glial cells or airway epithelial cells may be removed from the 
mammal, transduced with the pseudotyped lentiviruses and then implanted back into 
the patient 

30 The present invention also provides methods of screening agents effective in 

blocking viral entry into a cell. The methods allow for direct screening as the viral 
entry step can be detected in the method. In one embodiment, the method comprises 
treating the cell or the virus with the desired agent, contacting the cell with the vims, 

no 
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and detecting viral entry into the cell. A wide variety of agents may advantageously 
be screened in the present invention, including, immunological agents such as 
monoclonal and/or polyclonal antibodies. Alternately, various pharmacological 
agents may also be screened in the present method in the same way, and may include 
5 proteins, peptides and various chemical agents. 

In yet another embodiment, kits for forming inventive filovirus 
glycoprotein-pseudotyped lentivirus are provided. The kits contain the plasmids and 
nucleic acid sequences required to transform a cell to produce the desired virus. 

The foregoing and other aspects of the invention may be better 
10 understood in connection with the following example, which is presented for purposes 
of illustration and not by way of limitation. 

EXAMPLE 

Methods for preparing and administering pseudotyped vectors to models: 
15 ..Vector production. The second generation FIV vector system was previously 
reported. Johnston, J.C. et al, J Virol 73:4991, (1999). Plasmid constructs consist of 
an FIV packaging construct with a deletion in the em gene and mutations in vi/and 
or/2, an FIV vector construct expressing cytoplasmic E. coli p-galactosidase, eGFP 
or other nucleic acid sequences of interest, and an envelope plasmid in which the 
20 human CMV early gene promoter directs transcription of the Marburg envelope 
cDNA. The FIV packaging plasmid (pOTVAor/2Avi# contains the FIV packaging 
signal (\|/), the gag and pol genes, and the rev sequences. FIV rev is analogous to the 
fflV rev in enabling expression of late genes encoded by unspliced or singly spliced 
mRNAs containing the cis-acting Rev-responsive element (RRE). The proviral FIV 
25 5' LTR is replaced by the CMV promoter/enhancer and the 3' LTR is replaced with 
. the simian virus 40 polyadenylation signal. A deletion in the env gene and mutations 
in FIV accessory genes vif and or/2 render these sequences inactive without 
negatively affecting vector titer. 

The FIV vector plasmids (based on pVET L ) consist of the FIV 5* and 3* LTR 
30 sequences flanking a portion of the gag sequence including the packaging signal, a 
transgene cassette, and the RRE. The U3 region of the 5' FIV LTR is replaced with 
the CMV promoter. A CMV promoter-P-Gal expression plasmid, pCMVPgal, was 
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generated by combining an XbaUSah fragment corresponding to the CMV promoter 
from pCMV-G and a SaWSmal fragment corresponding to the P-Gal gene frompSP6- 
P-GAL into pBlueScript SK(~). pTFTVLCP, pTC/FLCP, and pTC/FSCP were then 
generated by insertion of the NotVSmal CMV-P-Gal expression cassette from pCMVP 

5 gal into similarly digested pTFT/L, pTC/FL, and pTC/FS vector backbones, 
respectively. These constructs were renamed pTFrV L CP> pVET L C3, and pVETsCP, 
respectively. A pCMVPgalCTE expression plasmid was used to generate an PTV 
expression vector containing fee constitutive RNA transport element (CTE) from 
Mason-Pfizer monkey virus (MPMV). pCMVPgalCTE was constructed in part from 

10 pSK-CTE. pSK-CTE was generated by PCR amplification of the CTE with the 
primers CTEH5 and CTEH3, which harbor HindHl sites seer their 5' ends. The 
resulting PCR product was digested with HindUl and inserted into similarly digested 
pBlueScript SK(-) to generate pSK-CTE. pSK-CTE was then digested with Smal and 
Xhol 9 and the insert was ligated into similarly digested pCMV^gal to generate pCMVP 

.15 _ galCTE. A NotVXhol fragment containing the CMVPgalCTE expression cassette from 
pCMVPgalCTE was then ligated into T/ofl/Sail-digested pTC/FL to create pTC/FLCP 
CTE (now referred to as pVET l CPcte). 

The VSV-G envelope plasmid, pCMV-G, encodes the VSV envelope 
glycoprotein. Yee, J.K. et ah, Proc. Natl Acad. Set USA 91: 9564-9568 (1994). The 

20 pRRV-E2El plasmid encodes the foil-length RRV envelpe glycoprotein, E3-E3-6K- 
El, which is processed proteolytically into the individual subunits. The region 
encoding the RRV envelope glycoproteins was amplified from pRR64, which 
contains the fall-length cDNA of the RRV genome (Kuhii, R.EL et aL, Virology 182: 
430-441 (1991)), using Taq DNA polymerase (Promega Corporation) and two primers 

25 complementary to the viral cDNA at nucleotides 8376 and 11312. The amplified 
fragment, which contained the RRV E3-E2-6K-E1 coding region, was digested with 
the restriction endonucleases BamHl and Xbal said ligated into the BamHl and Xbal 
sites of pBacPac, a baculovirus expression vector (Clontech). The resulting plasmid 
was digested with BamHl and Xbal, and the fragment containing the RRV E3-E2-6K- 

30 El coding region was ligated into the BamHl and Xbal sites in the pcDNA3 and 
pcDNA3.1/Zeo(+) mammalian expression vectors (Invitrogen). The resulting 
plasmids were designated pRRV-E2El and pRRV-E2El A, respectively. 

72- 
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To construct this plasmid, the nucleotides 5931-8033 from the Marburg virus 
genome (SEQ. ID. NO:. 8, Geribank Accession Number Z12132) were cloned into the 
pSP72 plasmid (from Promega) under the control of the T7 promoter using Sail. The 
.Xhol and Eco RI fragment of this plasmid was cloned into the Xhol and Eco RI 
5 polylinker sites of the mammalian expression vector pcDNA3. SEQ ID 9 also shows 
the amino acid sequence of the Marburg virus glycoprotein 

Pseudotyped FTV vector particles were generated by transient transfection of 
plasmid DNA into 293T cells plated 1 day prior to transfection at a density of 
2.8 * 10 6 per 10-cm-diameter culture dish as described by Johnston, J.C. et al, J Virol. 
10 73:4991, (1999). Three plasmid cotransfections were performed using packaging, 
envelope, and vector plasmids, followed by collection of supematants and particle 
concentration by centrifugation. For each preparation, 750 ml of culture supernatant 
was centrifuged overnight at 7,400 x g and resuspended in 3 ml of lactose buffer (19.5 
mM Tris at pH 7.4, 37.5 mM NaCl, and 40 mg/ml lactose). Transduction titers before 

(5 and after. concentration were determined by measurement of X-Gal (5-bromo-4- 

chloro-3-indolyl-P-D-galactopyranoside>positive cells in tranduced HT-1080 target 
cells and wre expressed as tranducing units (TU)/ml. 

Gene transfer methods 
20 Lung 

In vitro. To transduce differentiated human epithelia, the pseudotyped 
FTV vector was mixed with cell culture medium to a final volume of 100 jd (MOI 
-10). This mixture was applied to either the apical surface or the basal surface of 
primary cultures of human airway epithelia as described previously. Wang, G. et al., J 

25 Virol. 104: R49-R56, (1999). To enhance transduction from the apical surface, vector 
was mixed at a 1:1 (vol/vol) ratio with 12 mM EGTA HEPES/saline solution (pH 
7.3), and applied apically for 4 hours as previously reported for Murine leukemia 
virus vectors. Wang, G. et al., J Virol. 104: R49-R56, (1999). The results are shown 
in Figure 1. The pseudotyped FTV vector was effective in transducing cells when 

30 applied to either the basal or apical surface of the cells. In contrast, the VSV-G 
control could not transduce the cells when applied to the apical surface. 

In vivo. For tracheal gene transfer, adult New Zealand white rabbits 
are anesthetized with 32 mg/kg ketamine, 5.1 mg/kg xylazine and 0.8 mg/kg 

13 
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acepromazine intramuscularly, a ventral midline incision made and tracheotomy 
performed. An approximately 1.5 cm tracheal segment cephalad to me tracheotomy 
was. isolated and cannulated on each end with PE 330 tubing (Clay Adams, Becton 
Dickinson). The tracheal segment was rinsed and then filled with a HV-|3-gal vector 

5 solution. The vector solution was left in place for 45 min, then the cannulae were 
removed and the incisions closed- Five days or 6 weeks later, the tissues are studied 
for p-galactosidase expression. For lower airway gene transfer, a PE50 catheter was 
passed via the trachea until it lodged in a subsegmental bronchus. 200-600 jd of FiV- 
0-gal of various envelope pseudotypes was instilled. Five days later, the tissues are 

10 studied for p-galactosidase expression. 

Brain 

Six to 8 week old adult male C57BL/6 mice were used for gene transfer. Mice 
were anaesthetized and 5 x 10 5 TU of Ihe vectors were stereotactically injected into 
15 either the right lateral ventricle or the right striatum, using a 26 gauge Hamilton 
syringe driven by a microinjector (Micro 1, World Precision Instruments, Sarasota, 
FL) at 0.5 pi per minute. For ventricular injections, 10 /d volumes were injected at 
coordinates 0.4 mm anterior, 1.0 mm lateral to bregma at 2 mm depth. For striatal 
injections, 5 jd volumes are injected at coordinates 0.4 mm rostral and 2 mm lateral to 
20 bregma, and at a 3 mm depth. A minimum of two independent experiments are done 
for each vector and injection site. At 3 weeks postinjection, mice were sacrificed and 
perfused with 2% formaldehyde in PBS. The brains were postfixed overnight at 4 °C 
and cryoprotected in 30% sucrose-PBS for 48 h at 4 °C. The hemispheres were 
separated and blocked in O.C.T. (Sakura FinetekUSA, Torrance, CA) by freezing in a 
25 dry ice-ethanol bath. Parasagittal cryosections (10 urn) were cut and placed on slides. 
Slides were stained with X-Gal or were dually stained with antibodies for 
immunofluorescent confocal analysis. 



30 



Liver 

The C57B1/6 mice were intravenously injected via tail vein with FIV vector 
(total dose 1.3xl0 7 to 6xl0 7 IU), administrated over one or on two consecutive days 
(one injection/day). Controls received vector buffer. The injection volume was 0.4 
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ml. On days 1 and 7 postinfection, blood samples were obtained from the retro-orbital 
plexus and the serum samples assayed for the levels of glutamic oxalacetic 
transaminase (SGOT) and glutamic pyruvic transaminase (SGPT) using a 
transaminase assay kit (Sigma, St Louis, MO) according to the manufacturer's 
5 instructions. At 3 weeks postmjection, the mice were sacrificed and perfused with 
cold phosphate-buffered saline (PBS). Samples of liver, spleen, kidney, lung, heart, 
and skeletal muscles (triceps) were harvested for X-Gal staining. 

Determination of B-galactosidase expression 
10 For X-Gal staining of liver after intravenous vector injection, lobes were fixed 

in 2% paraformaldehyde-PBS overnight and then stained with X-Gal overnight at 4 
°C. The overall expression of h-galactosidase was first examined by stereo 
microscopy. The X-Gal-stained tissue was then embedded in paraffin, and 5-pm 
sections were cut at 50-uro intervals and counterstained with hematoxylin and eosin 
. 15 for quantification and histological examination. For X-Gal staining of brain and 
muscle sections, 10-mm sections on slides were incubated in X-Gal for 6 h at 37 °C, 
washed in PBS, and counterstained with neutral red. For X-Gal staining of lung, the 

lungs were removed, inflated with and submersed in 2% paraformaldehyde-PBS, and 
. allowed to fix for 4 h at 4 °C. After fixation, the lungs were washed with PBS and 
20 inflated with X-Gal solution. The lungs were submersed in additional X-Gal and 

incubated overnight at 37 °C. After X-Gal staining, the lungs were washed wiur PBS 

and paraffin embedded by a standard protocol, and 10-wn sections were collected. 

Sections were counterstained with nuclear fast red. 

25 Immunostaining 

To determine the cell types transduced after intrastriatal injections of KRV 
pseudotyped FJV, 10-um brain sections were dually stained for B-galactosidase and 
glial fibrillary acidic protein (GFAP, a type H astrocyte-specific intermediate 
filament), or for 0-galactosidase and 2',3'-cyclic nucleotides-phosphodiesterase 
30 (CNPase, an oligodendrocyte-myelin specific marker) and analyzed by confocal 
fluorescence microscopy- The antibodies used were polyclonal rabbit anti-p- 
galactosidase (Biodesign International, Saco, ME), Cy3-conjugated mouse 
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monoclonal anti-GFAP (Sigma), mouse monoclonal anti-CNPase (Sigma) Alexa 488- 
conjugated goat anti-rabbit IgG (Molecular Probes, Eugene, OR) and lissamine- 
rhodamine-conjugated goat anti-mouse IgG (Jackson bnmunoResearch, West Grove, 
PA). Sections were blocked with 10% normal goat serum and 0.1% Triton X-100 in 
PBS for 1 h at room temperature and then incubated with primary antibodies 
overnight at 4 °C in PBS with 3% bovine serum albumin and 0.1% Triton X-10Q. The 
sections were then washed, incubated with secondary antibodies for 2 h at room 
temperature, washed, and coverslipped with gel mount Using confocal microscipy, 
images from 0.3-uni-thick Z series were collected. 

The foregoing discussion discloses and describes merely exemplary 
embodiments of the present invention. One skilled in the art will readily recognize 
from such discussion, and from the accompanying drawings, that various changes, 
modifications and variations can be made therein without departing from the spirit 
and scope of the invention. 
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What is claimed is: 

1 . A pseudotyped lentivirus comprising: 

a lentiviral capsid; 

a lipid bilayer wherein said bilayer surrounds said capsid; and . . . 
5 a Marburg glycoprotein disposed in said lipid bilayer wherein 

the Marburg glycoprotein has the mutation of C671A, F676stop or Y679stop. 

2. The lentivirus of claim 1 further comprising a nucleic acid sequence 
encoding a desired protein, said nucleic acid sequence enclosed within said lentiviral 
capsid. 

10 3. The lentivirus of claim 2 wherein the desired protein is CFTR. 

4. The lentivirus of claim 1 wherein the lentiviral capsid comprises a 
feline immunodeficiency vims capsid. 

5. A method of introducing a nucleic acid sequence encoding a desired 
protein into an airway epithelial cell comprising the step of transducing an airway 

15 epithelial cell with a pseudotyped lentivirus comprising a lentiviral capsid, a lipid 
bilayer wherein said lipid bilayer surrounds said capsid, a filoviral glycoprotein 
disposed in said bilayer and a nucleic acid sequence encoding a desired protein. 

6. -The method of claim 5 wherein said filoviral glycoprotein is a Marburg 
glycoprotein. 

20 7. The method of claim 6 wherein the Marburg glycoprotein has the 

mutation of C671A, F676stop or Y679stop. 

8. The method of claim 5 wherein the lentiviral capsid comprises a feline 
immunodeficiency virus capsid. 

9. The method of claim 5 wherein the desired protein is CFTR. 

25 10. A method of introducing a nucleotide sequence encoding a desired 

protein into a hepatocyte or brain glial cell comprising the step of transducing a 
hepatocyte or brain glial cell with a pseudotyped lentivirus comprising a lentiviral 
capsid, a lipid bilayer wherein said lipid bilayer surrounds said capsid, at least two 
different togaviral glycoproteins disposed in said bilayer and a nucleotide sequence 

30 encoding a desired protein. 

11. The method of claim 10 wherein said togaviral glycoproteins are 

alphaviral glycoproteins. 
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12. The method of claim 11 wherein the alphaviral glycoproteins are Ross 
River alphaviral glycoproteins. 

13. The method of claim 10 wherein the retroviral capsid is comprised of a 
feline immunodeficiency virus capsid. 

5 14. The method of claim 10 wherein the desired protein is the DDL 

receptor, alphal -antitrypsin, ornithine transcarbamylase, Factor Vm or a high affinity 
glutamate transporter. 

15. A method for introducing a nucleic acid sequence encoding a desired 
protein into the airway epithelial cells of a mammal comprising the step of 

10 administering to the lungs of the mammal a pseudotyped lentivirus comprising a 
lentiviral capsid, a lipid bilayer wherein said lipid bilayer surrounds said capsid, a 
filoviral glycoprotein disposed in said bilayer and a nucleic acid sequence encoding a 
desired protein wherein the nucleic acid sequence is enclosed within the lentiviral 
capsid. 

15 16. The method of claim 15 wherein said filov&us glycoprotein is a 

MaTbuTg glycoprotein. 

17. The method of claim 16 wherein the Marburg glycoprotein has the 
mutation of C671A,F676stop or Y679stop. 

18. The method of claim 15 wherein the lentiviral capsid comprises a 
20 feline immunodeficiency virus capsid. 

19. The method of claim 15 wherein the desired protein is CFTR. 

20. A method for introducing a nucleotide sequence encoding a desired 
protein into the liver or brain of a mammal comprising the step of administering to the 
mammal a pseudotyped lentivirus comprising a lentiviral capsid, a lipid bilayer 

25 wherein said lipid bilayer surrounds said capsid, at least two different togaviral 
glycoproteins disposed in said bilayer and a nucleotide sequence encoding a desired 
protein wherein the nucleotide sequence is enclosed within the lentiviral capsid. 

21. The method of claim 20 wherein said togaviral glycoproteins are 

alphaviral glycoproteins. 
30 22. The method of claim 21 wherein the alphaviral glycoproteins are Ross 

River alphaviral glycoproteins. 

23. The method of claim 20 wherein the lentiviral capsid is comprised of a 
feline immunodeficiency virus capsid. 
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24. The method of claim 20 wherein the desired protein is the LDL 
receptor, alphal -antitrypsin, ornithine transcarbamyla$e, Factor Vffl or a high affinity 
glutamate transporter. 

5 25. The method of claim 20 wherein the pseudotyped virus is administered 

to die mammal intravenously. 

26. The method of claim 20 wherein die pseudotyped virus is administered 

by injection directly into die liver or brain. 
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ABSTRACT OF THE DISCLOSURE 



Methods for introducing nucleic acid sequences into hepatocytes, brain glial 
cells and airway epithelial cells are provided. The methods use filoviral and togaviral 
glycoprotein-pseudotyped lentiviruses. The viruses comprise a lentiviral capsid and a 

5 viral envelope further comprising a lipid bilayer and a functional filoviral 
glycoprotein or two functional togaviral glycoproteins. In one embodiment the 
lentivirus is a feline immunodeficiency virus (FIV). In an alternate embodiment the 
filoviral glycoprotein is a Marburg virus glycoprotein. In another embodiment, the 
Marburg virus glycoprotein can have a mutation in the C-terminal portion of the 

10 amino acid sequence that results in a higher titer production of the pseudotyped virus. 
In an alternate embodiment the togaviral glycoproteins are alphavirus glycoproteins, 
for example, the El and £2 envelope glycoproteins of Ross River vims (RRV) 
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Lentivirus Vectors Pseudotyped with Filoviral Envelope Glycoproteins 
Transduce Airway Epithelia from the Apical Surface 
Independently of Folate Receptor Alpha 
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The practical application of gene therapy as a treatment for cystic fibrosis is limited by poor gene tn* 
efficteS^U. vectors applied to the apical surface of airway epithelia. Recenfly, folate raptor alpha ff^y, 
agWcos^lphosphatidylinositol.Iinked surface protein, was reported to be a^Inlar receptor for ^efilov.ruse^ 
We found that polarized human airway epithelia expressed abundant FRa on their ajpiral surfac^In an 
attoSto tereet tt^eapical receptors, we pseudotyped feline immunodeficiency virus (^-based vector by 
S envelop dycoproteins (GPs) from the filoviruses Marburg virus and Ebola rirus. ImpoirtenUy, pnrnary 
cul^Sweuffierentmtedhuman airway epithd^ 

annlied to the apical surface. Furthermore, by deleting a heavily Glycosylated extracellular domain ol 'the 
SfficP, wL improved *e titer of concentrated vector severalfold. To investigate the Mate receptor ^depat- 
dence of gene transfer with the filovirus V^^^^m^ ff *? nsf ^ , effic,e ^ »™™ 0 ^''«^ 
afi^v epithelium cell lines and primary c^^^^^SH«osphaUdylinos.tol-spec.fic phosphol.pase C 

" iTov^pSdotypld FlY-based vectors '^^^^^^£^1^^^^ 
was observed in primary cultures of ha" l ^^^^^M ll S^^P aers ,7 1 ft 
pathways is fundamental for developing ^^m^^& e ^^^^f applications. 




Viral vector-mediated gene transfer to airway e 
as therapy for diseases such as cystic fibrosis (f 
many challenges. The pulmonary epithelia and r< 
mune effector cells possess innate and adaptive J ' 
evolved to prevent the invasion of microbes; th 
fenses may act as barriers for gene transfer vecto 
addition, Moloney leukemia virus-based retroviral ^ 
hampered by the low proliferation rate of adult airway epithe- 
lial cells (26). In an effort to overcome adverse immune re- 
sponses to vector-encoded proteins and the transient nature of 
gene expression with nonintegrating vector systems, we utilize 
a vector system based on the nonprimate lentivirus, feline 
immunodeficiency vims (FIV) (28, 29). 

The apical surface of airway epithelia is notably resistant to 
gene transfer with several vector systems, and therefore pre- 
sents additional challenges for CF gene therapy. This obstacle 
is generally attributed to the basolateral polarization of the 
receptors for several classes of viral vectors. For example, the 
receptors for serotype 2 and serotype 5 adenovirus (CAR) and 
AAV-2 (heparin sulfate proteoglycan) are predominantly ex- 
pressed on the basolateral surface of airway epithelia (6, 25). 
In the case of enveloped viruses, the glycoproteins bind to 
specific receptors on the cell surface to initiate membrane 
fusion; these envelope-receptor interactions dictate cellular 
tropism. Furthermore, the receptors for many commonly used 

* Corresponding author. Mailing address: Department of Pediatrics, 
200 Hawkins Dr., The University of Iowa, Iowa City, IA 52242. Phone: 
(319) 356-4866. Fax: (319) 356-7171. B-maU: paul-mccray@uiowa.edu. 
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tl envelopes appear to be functionally expressed baso- 
in polarized epithelia (4). To overcome these barriers 
transfer, an improved understanding of receptor biol- 
virus-cell interactions is essential. There have been 
it advances in the understanding of encapsidated vi- 
ctor interactions; however, the cellular receptors for 
„ihy~oT envelope glycoproteins available to pseudotype lenti- 
viral vectors are unknown or poorly characterized. 

Filoviral envelope glycoproteins have received attention as 
candidates for pseudotyping retrovirus to target a variety of 
cell types (31). Together Ebola virus (EBO) and Marburg virus 
(MRB) comprise the two members of the viral family Filo- 
viridae. In contrast to other enveloped RN A viruses such as 
paramyxoviruses, both retroviruses and filoviruses have a sin- 
gle type 1 transmembrane structural protein that assembles 
into homotrimers and mediates both receptor binding and 
fusion (30). Sequence analysis suggests an evolutionary rela- 
tionship between the envelope glycoproteins of filoviruses and 
retroviruses (19, 20, 30), with evidence that filoviruses can 
infect the host through an airborne mechanism (10). However, 
the origins of the viruses or how they are maintained in nature 
is presently unknown. 

Interestingly, recent studies suggest that the folate receptor 
alpha (FRa) directs cellular entry of retroviruses pseudotyped 
with filoviral envelope glycoproteins (2). FRa, a grycosylphos- 
phaudylinositol (GPI>linked protein, was identified as a po- 
tential receptor for filoviral glycoproteins through utilization of 
an expression library in cells nonpennissive for viral entry. In 
Jurkat cells, FRa expression facilitated MRB- or EBO-pseu- 
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dotyped Moloney leukemia virus entry. In addition ****** 
toViLgents inhibited transduction of HOS or HeLa cells (2). 
These data suggest that FRa provides one cellular entry path- 
way for wild-type filovirus as well as retroviruses pseudotyped 
5 ffloS gtycoproteins. Recently, the feasibility of pseudo- 
Cng hu^an immunodeficiency v i rus-based lentrvual vec tors^ 
• witH falovnus envelope glycoprotei ns to target airway epitheha 
has been demonstrated (14); however, FRa-dependent entry 
has not been investigated in this important model system. 

Herein we report the expression of FRa in airway eprtheha 
and the polarity of FRa expression in well-differentiated pn- 
mary cultures of human airway epithelia. In addition, we in- 
vestigate the role of FRa as a receptor for FIV-based lentrvirus 
pseudotyped with fuoviral envelope glycoproteins in airway 
epithelial cells. 

MATERIALS AND METHODS 



Culture ottoman airway epithelia. Aiiway epithelia were isolated from tra- 
cheTorbrencNand were grown a. the air-liquid interface ^^t£3f> 
fl3> AD preparations used were well differentiated (>2 weeks oh* 
WSS^Wm *»* ™» proved by .be Instta.topal Review Board a. the 
iCaSTof Iowa. A^ and H441 ceil lines are derived fromhan^niung 
~™*«vmL and 1B3 and HBE ceD lines are transformed human aoway cells. The 
SSKcm HOS (ATCC OU.«3XIK (34). ^ 
Aft C (ATCC 00,17) were maintained to Dulbecco's modified 

(OibcoVIO* fetal bovine serom (FBS). A549 (ATCC COXUA^t isss ,.- 
AO-D maintained in Dulbecco's modified Eagje's medium F12 (Gib 
H441 (ATCC HTB-174) cells were maintained in RPM1 medium 
AO-E FBS HBE (5) cells were maintained in modified Eagle's medium , 
FBS* In addition, each medium was supplemented with penicillin (1 
streptomycin (100 irg/rnl). In the FRa-bloddng studies. cells 
and maintained 72 h to RPM1 medium lacking folic aad (GIbco; 2 
5% FBS prior to the addition of the Mocking reagent. 

Vector production. The second-generation FTV vector system i 
study was reported previously (11, 29). The FTV vector construct 
ft-Ralactosidase cDNA directed by the cytomegalovirus promote 
envelope constructs reported in this study utilized the cytoroegalovu; 
promoter to direct transcription. Those envelopes include the ves 
this virus G protein (VSVG), the EBO (Zaire strain) envelope 
(PEZGP 19D, and the MRB (Musoke variant) envelope glyooprot 

ra)T» EBOAO (pEZGP 309-489) has been previously described 

filoviral envelope constructs reported in this study were expre^ from 
pcDNA3.1 (hrvftrogen. Carlsbad. Calif.Vderived I plasmlda. PseuWdFTV 
£*or partides were generated by transient uansfection of plasmid DNA into 
293T cells as described previously (11). FTV vector preparations were titered on 
at limiting dilutions, and these titers were used mcntadateU* 
multiplicities of Infection (MOIs). In addition, we found that the fitowral gtyco- 
pS conTerred enough stabilitf to the lenriviral vector to witotand centnfuge 
Concentration of greater than 1.000-fold (data not shown); however, we typically 
concentrated vector 250-fold by centrifugation for m vitro experiments. 

RPA. FRa mRNA levels were determined by RNase protection a^y (RPA) 
as previously described (23). The FRa probe was a partial cDNA sequence 
^d^p<^l-TOpb OmHtrogen). Thehurnam 
were obtained from Ambion (Austin, Tex.). Tbo fnll-lengti ' P**^" 
human actio were 541 and 315 bp, respectively. ™e expected P™'^ 
sizes were 413 and 245 bp, respectively. The RPA rea«,o„wa. ~nducted^r 
using an RPA III kit with the manufacturer's protocol (Amb.on) and was quan- 
tified with a Molecular Dynamics Storm 620 Phosphorlmager System and the 
ImageQuant software provided by the manufacturer. 

FACS For fluorescence-activated cell sorter (FACS) analysis, approximately 
it/t^wcTn^toeobatedtosuspen^^ 

(M» rs^n Cell Technologies) on ice for 15 mto. Then a monoclonal antibody 
agato FrT(MOv18; a kind gift from Sflvana Canevari i 118 D or the appropr^e 
immunoglobulin Gl (TgGl) isotype control (554121; Phannmgeo) w*s added 
aTmeubated on ice for 30 mto. Cetls were washed three tunes with 3%FBSIo 
IX phosphate-buffered saline (PBS). A goat anti-mouse «»oreseem isothioeya- 
AO: F nate^-oonjugated T antibody (31569; Pierce) w* i .hen add. a ami agam 
incubated on ice for 30 min. Finally, cells were washed as before and resus- 
r^in500ulof3%FBSinlx PBS. Data were collected by usmg a FACScan 
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flow optometer (Becton Dickinson), and the data were analyzed using CellQuest 

"tte^n blot analysis. Western blot analysis for verifying FRa protein expres- 
sion's conductedby using standard techniques. Brieffr, ecu lysa.es were de- 
SmreTteVrato a. Vc to l^emmli sample buffer. «>P»°^ °» »» 
pelyaayiamide gels (161-1155; Bto-Rad) at 125 V. and 

SXlose (1O0MSS Bio-Rad) overnight at 200 '^J^^JTy^ 
.-probedwillr^morrecton^ 
ShWOO and was detected by using goat anti-mouse lgG conjugated to alkalme 

phosphatase at a 1:1.000 dilution (A-1682; Sigma). 

iZnm^ochemfatry and eonfocal microscopy. Epi theBal hcelb were ™sed 
witfTlxPBS, fixed in 2* paraformaldehyde for 5 to 10 mm. ami rinsed with IX 
cells were then incubated for 30 min a, 3TC«*h a mono- 
donal antSuman FRa antibody (MOvW) or the approve ^^econUol 
aTted 1:100 in Hank's buffer (Gibco) The celb .were washed wuhlx PBS and 
were incubated with an FTTCconjugated arm-mouse V antibody ^ 
^L^uted 1:100 in lx PBS for 30 min at 37°C The P"n^d*oondary 
Xuies were always applied to both the apical ^ 
nonpermeabDized cells. Images were captured wrtb ml ^^f**^ 
cmeslaser scanning contocal microscope equipped with a KrfAr ™f*- 

V^^ct^dnJnlstraUon. Pseudotyped FTV vector was applied directly to 
immortalized cell lines for 4 h at 37-C Following incnbalion with Ore ^°r. «Bs 
^T^eTto media and cultured for 4 days. FoDowmg the ^in^atton. 
^te^harvested and p-galactoddase activity was quantified. Primary cultures 

diluting vector preparations to media to achieve the desned MOI. and 100 pi of 
T sototion wasawfied to the apical surface of airway epilrrelialrefl* After 
mlibation for 4 h M 37°Cv the virus washed ^^wercJ^er^u- 
hated at 3T"C for 4 days. To infect airway epUheiia with pseudotyped FIV vector 
--^Weraldde, the MiUicell culture insert containing the airway 
las turned over and the virus was applied to tbebasolateral surface for 
Sal of media. Following the 4* infection, the virus was removed and 
' teert was turned upright and allowed to incubate at 3TC, 5% CO* 



Lsidase quantificaUon and AZJT odmlmstralion. The GalactoJight 
Lucent reporter assay (Tropix. Bedford. Mass.) was used to quantify AQ-.G 
Idaseacthrfty following the manufacturer's protocol. The relative .light 
1 quantified with a luminometer (Monolight 3010; Pharmmgen) and 
&zed to total protein as determined by modified Lowry assay 
See Biotechnology) by using the manufecWsprotocoL To verrfy 
actosidase activity observed in the transduced cells was due to 
tensaiption^iependent expression and not the result of pseudo- 
iU of B^alactosidase present to the vector preparations, cells were 
1, the presence or absence of zidovudine (AZT). The cells were mcu- 
{ 50 uM ACT (GlaxoWellcome) for 24 h prior to infection and were 
zsm ilHea to the media following vector administration. 
Tdmmlstrmion of FR« blockers. To cleave GPWmked cell surface proteins, 
cefls were pretreated with 2 U of phosphau^inosi.ol-sp^fic^ph^olma« C 
(PI-PLC) 0>-«66; Molecular Probes)/ml for 2 h at 3TC Following enzyme 
nealmerit. viral Vector challenge and p-galadosidase detects proceeded as 
Srfabove.Tospecifically block FRa.cells were pieincubated wnh a m^ 
^clonal I^+locktog antibody (IgOl) (HFBP 458; a generous gjfl of WO- 
buTFranklin (7]) or an isotype oon.rol amibody (554121; I*"™»>g») tor . 15 ™" 
M rowritemperature. We diluted Ore purified blocking antibody or polype 
ct n ^ran.^odyl:100 to USG (2-ug/ml final concentration). F°"™ ta 8=T^ 
Snent. viral vector challenge and B-galactosidase detection proceeded as 

^tutficfulss otherwise noted, all numerical data are P^edas Ore 
mean plus or minus standard deviation. Statistical anrdyas was performed with a 
two-tailed, unpaired Student r test by using Microsoft Excel software. 

RESULTS 

Expression of FRa in primary cultures of human airway 
epithelial cells. The identification of FRa as a mediator of 
filovirus cell entry offers the ability to investigate virus-host cell 
receptor interactions and pathways of infection. Chan and col- 
leagues observed that Pl-FLC and FRa antiserum inhibited 
entry 0 f retrovirus pseudotyped with filoviral glycoproteins in a 
select group of cell types; however, the authors actoowledged 
that FRa may not facilitate virus entry into all cell types (2). 
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FIG. 1. FRa expression in primary cultures of h um; 
antibody, followed by addition of an anti-mouse FITC-oo] 
an en face (A) or vertical section (B). Primary cultures oi 
as well as en face at low power (E). To confirm antibody " 
airway cells were also imaged following PI-PLC treatmc 
indicated protein samples was conducted by using the sau 
conjugated secondary antibody. The expected 42-kpa ban 
KB, KB cell line. Scale bars = 50 um (A, C, F, and G) oi 

We investigated FRa expression in primary cultur ^ 
differentiated human airway epithelia. To determine the po- 
larity of expression, we immunostained the primary cultures 
.with an FRa-speciflc monoclonal antibody under nonperme- 
abilizing conditions and imaged the cells with confocal micros- 
copy. KB, a cell line known to express FRa at high levels, 
exhibited abundant cell surface levels of FRa (Fig. 1A) with no 
polarity of expression when viewed in vertical sections (Fig. 
IB). Similarly, FRa protein expression was easily detected by 
immunostaining primary cultures of airway epithelia (Fig. 1Q. 
When viewed in vertical sections, FRa was abundantly ex- 
pressed at the apical surface (Fig. ID). Interestingly, when 
viewed en face at a lower magnification, the distribution of 
FRa was heterogeneous (Fig. IE). The reason for this expres- 
sion pattern is not yet known; however, initial observations 
suggest that the pattern is not the result of cell-type-specific 
expression (e.g., ciliated versus nonciliated cells). Further- 
more, the distribution was not affected by culturing cells under 
folate-free or excess-folate conditions (data not shown). No 
fluorescent signal was detected when an IgGl isotype control 
primary antibody and the ETTC-conjugated secondary anti- 
body were used (Fig. IF). As an added control to verify anti- 
body specificity, the epithelia were pretreated with an enzyme 
that cleaves GPI linkages, i.e^ PI-PLC. As shown, Fl-PLC 



re fixed arid incubated wrui an i-Ka-speanc moiiuuvii« 
ly. KB cells were viewed by using confocal microscopy from 
> viewed en face at high power (C) and vertical section (D), 
>1 primary antibody was used (F). Primary cultures of human 
ion (en face [G] and vertical section IH]). Western blot of 
" antibody followed by an anti-mouse alkaline phosphatase* 
■ hAEQ human airway epithelial cell; hT, human trachea; 



jent removed detectable FRa expression as evaluated 
imlice^Fig. 1G) or in vertical sections (Fig. 1H). Further 
confirmation of FRa expression was achieved by the detection 
of a 42-kDa band by Western blot analysis of primary airway 
cells, human trachea, and KB cell iysates (Fig. II). These data 
demonstrate that, in a polarized sheet of primary epithelia at a 
given time, not all cells express FRa but that within FRa- 
positive cells there is substantial expression at the apical sur- 
face. 

Pseudotyping FTV-based vectors with filoviral glycoproteins. 
Abundant fflovihis receptor is localized at the apical surface of 
airway epithelia; therefore, we hypothesized that pseudotyping 
FIV vector with filoviral glycoproteins would confer apical 
transduction properties. High viral titers facilitate in vitro ex- 
periments and are of prime concern when one is designing in 
vivo experiments. We routinely attain titers ranging from 10* to 
10 9 TU/ml by pseudotyping FIV-based vectors with the MuLV AQ: i 
amphotropic, VSV, or Ross River virus envelope glycoproteins 
following a 250-fold centrifuge concentration (12, 26, 28, 29). 
However, pseudotyping FTV-based vectors with filoviral enve- 
lope glycoproteins resulted in significantly lower viral titers. As 
shown in Table 1, when FTV was pseudotyped with the wild- 
type EBO and MRB glycoproteins, we achieved average titers 
of 53 X 10 6 TU/ml and 2.5 X 10 4 TU/ml, respectively, follow- 
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TABLE 1. Modifications of the MKB and EBO env elope glycoproteins and the resultant titers of pseydotyped HV vectors* 

Mean ± SE 



Construct name 



Description of 



Increase 
(n-fold) 



EBO WT 
EBOAO 
MRB WT 

~MKS2K5 "~ 

MRBC671A 
MRBC671S 
MRBC673A 
MRB C673S 
MRB F676stop 

MRB Y679stop 



Deletion of EBO amino acids 309-489 inclusive 



73.98 



"Deletion oi IdJGS ammo^cir22^2rmclusive 
Cysteine-to-alanine mutation at position 671 
Cysteine-to-serine mutation at position 671 
Cysteine-to- alanine mutation at position 673 
Cysteine-to-serine mutation at position 673 
Phenylalanine to stop codon at position 676; isoleucine to 

lysine at position 675 
Tyrosine to stop codon at position 679 



2.44 
038 
1.18 
0.16 
2.43 

1.00 



55 X 10* ± 3 X 10* 
4.1 X 10* ± 1 X 10? 
ZS X 10* i 8 X 10? 
~2^TIt> 2 ^Tx-Kr' 
6.0 X 10* ± 2 x 10* 
1.4 X 10* :£ 9X10* 
23 X 10* ± 1 X 10* 
3.8 X 10* ± 1 X 10? 
6.0X10* ±5X10* 

Z5 X 10* ± 2 X 10* 



8 
10 
6 

_r 

7 
6 
4 
4 
4 



rfmulant glycoprotein pseidotyped FIV vector titer over that of wild-type counterparts are indicated in boldface type. 




ing a 250-fold centrifuge concentration. We engineered alter- 
ations in the envelope constructs designed to enhance filoviral 
glycoprotein incorporation into FIV virions and tested the 
effects on viral titer. 

Deletion of the O-grycosylated region from the extracellular 
domain of filoviral glycoproteins. An initial strategy for en- 
hancing fUovirus-pseudotyped FIV vector titer was to delete an 
expansive region from the extracellular domain thor rfrtwMKir 
heavily 6 glycosylated. By deletion of this region, thr 
of envelope protein synthesis and of transport to tl 
face is enhanced (9). This region may be functii 
important than the flanking regions of the protein 
cause there is little sequence conservation in this reg 
all filoviral isolates. The deletion of amino acids ; 
from the EBO glycoprotein (EBOAO) resulted in 
74-fold increase in titer over the average titer obtain 
wild-type EBO glycoprotein (Table 1). Unfortunate 
parable deletion in the extracellular domain of the 
struct (MRBAO) resulted in a dramatic loss of t 
potential differences between the EBO and MRB p^^^ 
transduction efficiencies were discovered to be of interest, m 
tiple additional avenues were therefore pursued to increase 
MRB viral titer. 

Mutating cytoplasmic tail acylation sites or generating cy- 
toplasmic tail truncations off the MRB envelope glycoprotein. 
Multiple studies have demonstrated that pseudotyping effi- 
ciency is influenced by the nature of the glycoprotein cytoplas- 
mic domain (3, 16, 33). We designed alterations to the MRB 
envelope glycoprotein cytoplasmic domain intended to relieve 
steric interference or alter protein folding in such a way as to 
promote glycoprotein incorporation into the assembling virion. 
The MRB envelope glycoprotein contains two intracellular, 
potentially acylated cysteines that may interfere with efficient 
virion assembly. Each cysteine was mutated to either an ala- 
nine or a serine (Table 1). Encouragingly, the C671A mutation 
resulted in a greater-than-twofold increase in viral titer, how- 
ever, the other point mutations resulted in no titer enhance- 
ment. The incorporation of a serine at either position signifi- 
cantly decreased viral titer (Table 1). In addition to these point 
mutations, we constructed two C-terminal deletions of the 
MRB envelope glycoprotein. Deleting the terminal 3 amino 
acids (Y679stop) had no effect on FIV vector titer compared to 
that of the wild-type glycoprotein; however, deleting the ter- 



minal 6 amino acids (F676stop) resulted in a greater-than- 
twofold increase in viral titer (Table 1). The later construct 
introduces a lysine at position 675 for proper anchoring of the 
glycoprotein in the plasma membrane. Although the enhance- 
ments in titer were modest, these data demonstrate the poten- 
tial of C-terminal mutagenesis of the MRB envelope glycopro- 
tein to boost vector titer. 

jcing the cytoplasmic tail of the MRB envelope gryco- 
ith the MuLV amphotropic or FIV envelope cytoplas- 
w Replacing the C terminus of the MRB envelope 
tein with that of another glycoprotein known to effi- 
ncorporate into budding FIV virions is an additional 
that we pursued to enhance the viral titers with the 
rcoprotein. The amphotropic (ampho) envelope gjy- 
from MuLV was a prime candidate for chimera 
tion for multiple reasons. Importantly, both the MRB 
\ho glycoproteins are type 1 transmembrane proteins 
i homotrimers when expressed on the cell surface (17, 
Lddition, similar strategies have proven effective for 
ping lentivirus vectors (21, 24). Using biochemical 

and sequence homologies of the MRB and ampho 

glycoproteins (20), we chose to engineer the fusion site at 
MRB glycoprotein residue 670 and ampho 619 (termed MRB/ 
ampho). In addition, we fused the MRB extracellular and 
transmembrane domains to an ampho intracellular domain 
with a mutation in the putative endocytosis signal (termed 
MRB/amphoY665A) (8) or a truncated ampho C terminus 
(termed MRB/amphoA650/675). Unfortunately, none of the 
MRB/ampho chimeric glycoproteins enhanced vector titers 
(data not shown). 

In addition to MRB/ampho chimeric glycoproteins, we pur- 
sued a parallel approach by using the native FTV envelope 
glycoprotein sequence to generate MRB/FTVenv chimeric gly- 
coproteins. We fusea" the MRB extracellular domain and trans- 
membrane domain to the native FIV envelope intracellular 
domain. We hypothesized that the native C terminus of the 
envelope protein sequence would efficiently incorporate into 
the assembling vector. The chimera junction point is likely 
critical; therefore, we chose multiple fusion points ranging 
from amino acids 807 to 815 of the FIV envelope. However, 
none of the MRB/FTVenv chimeric constructs resulted in an 
increase of FIV vector titer- (data not shown). 
In summary, of the MRB glycoprotein mutations, only 
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body had no effect on the VSVG-FIV control vector. Contrary 
to expectation, application of the FRct-blocking antibody 
had no effect on transduction efficacy when EBOAOFIV was 
applied to either the apical or basolateral surface compared 
to the isotype antibody (Fig. 3A). Apical transduction of 
EBOAOFIV remained significantly higher than basolateral 
— Tfanliauctio^^ 



RLU/pgpioteJn 

FIG 2. Transduction levels of polarized airway cell lines with pseu- 
dotyped FT/ vector. Primary cultures were transduced with pseudo- 
typedHV vector applied to the apical or basolateral surface. In i adoV 
UonTas a control for pseudotransduction, cells were pretreated with 
AZT for 24 h before vector application. Four days after initial vector 
incubation, cells were harvested and the p-galactosidase activity was 
quantified and normalized to total protein, n = 3 (samples fromthree 
^dependent human spedmenspRLU, relative light units. *,P < 0.01. 

C671A and F676stop resulted in increased FIV vector titers 
(Table 1). However, these increases were modest and did not 
confer the titers conducive to multifaceted in vitro experiments 
with MOIs greater than 1. For this reason, the sr*- 
studies focused on vectors pseudotyped with uV 
AQ: j EBOAO glycoproteins. 

Apical transduction of human airway epithefaa 
pseudotyped FIV. To test the polarity of vector trr 
primary cultures of human airway epilhelia, FIV 
with wild-type EBO glycoprotein (EBO-HV), E 
AQ:K protein with the deletion of positions 309 to 489 
FIV), or VSV glycoprotein VSVG-FIV was appl 
apical or basolateral surface as indicated for 4 h at 
F2 -5 (Fig. 2). Following vector application, the 
washed and incubated for 4 days before quantificati 
lactosidase expression as described in Materials am ^ 
Both EBOFIV and EBOAO-FIV transduced airway epi 
from the apical surface at greater efficiency than from the 
basolateral surface. In contrast, VSVG-FIV transduced the 
basolateral surface more efficiently than the apical surface. In 
each case, pretreating the epithelia with AZT abolished p-ga- 
lactosidase expression, indicating that the observed p-galacto- 
sidase activity is not the result of pseudotransduction. These 
data indicate that filovirus-pseudotyped FIV vectors preferen- 
tially transduce airway epithelia from the apical surface, thus 
providing indirect evidence in support of FRo as a receptor for 
vector entry. 

Blocking transduction of filovirus-pseudotyped FIV with 
FRo Inhibitors. To examine the role of FRct as a receptor for 
filovirus-pseudotyped FIV, FRa-blocking or -cleaving experi- 
ments were conducted on primary cultures of wefl-differenU- 
F3 ated human airway epithelia (Fig. 3). In each condition, FRa- 
specific blocking antibody or an isotype control antibody was 
applied to both the apical and basolateral surfaces of the air- 
way epithelia (Fig. 3A). Following the incubation with the 
antibody, the vector was administered to the apical or baso- 
lateral surface as indicated (Fig. 3A). The ability of the viral 
vector to transduce cells was quantified by p-galactosidase 
activity normalized to total protein. The FRa-blocking anti- 



To complement the FRa-blocking antibody studies, we pur- 
sued additional experiments utilizing the GPI-hnkage cleaving 
enzyme, PI-PLC, to remove FRa from the cell surface. The 
ability of PI-PUC to cleave FRa from primary cells was eval- 
uated by immunofluorescence (Fig. 1G and H). Celte were 
pretreated with PI-PLC, followed by incubation with EBOAO- 
FIV or VSVG-FIV. Similar to the blocking antibody, PI-PLC 
did not reduce the transduction efficiency of EBOAOFIV or 
the VSVG-FIV control vector in primary cultures of airway 
epithelia (Fig. 3B). Again, apical transduction of EBOAO-FIV 
remained significantly higher than basolateral transduction in 
the presence or absence of PI-PLC. These data indicate that 
FRa is not required as a receptor for EBOAO-FIV in primary 
cultures of human airway epithelia. ,._„■„ 

feroression of FRa in immortalized airway epithelial cells. 
In light of this unexpected observation, we evaluated the po- 
ple of FRa as a mediator of filoviral entry into multi- 
(ortalized cell lines. We quantified the levels of FRa 
(F?g. 4A) and FRa protein (Fig. 4B) in control cell F4 
airway epithelium-derived cell lines. KB is perhaps 
commonly utilized cell line for studying FRa in vitro 
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FIG. 3. Transduction levels of polarized airway cell hra with P 5 ^ 
dotyped FIV vector following FRa-blocking antibody or PI-PLC treat- 
meT(A) Following pretreatment with an IgGl isotype aniftody 
(black bars) or an FRa-blocking antibody (gray bare), primary cultures 
were transduced with pseudotyped FIV vector applied to Ae apic^or 
basolateral surface. (B) Following pretreatment with PI-PLC (gray 
bars) or without PI-PLC (black bars), primary cultures were trans- 
duced with pseudotyped FIV vector applied to the apical or basolateral 
surface at an MOI of 5. Four days after initial vector incubation, cells 
were harvested, analyzed by ^-galactosidase a^y, and no^al^d to 
total protein, n = 3 (samples from three independent human speci- 
mens). RLU, relative ligtit units. *, P < 0.0L 
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FIG. 4. Relative FRct mRNA and protein levels from immortalized 
cell lines. (A) Total mRNA from the indicated cell lines was purified 
and analyzed by RPA by using FRa and human actin (hACI>spedfic 
[i^pjUTP-labeled antisense probes. Signal abundance was qu antifi ed 
with a Pbosphorlmager, and FRa expression was normalx"^-™*™***™ 
expression, n = 3. (B) To determine relative FRa protein 
protein lysates from the indicated cell lines were incubater 
an FRa-specific monoclonal antibody (open curve) or an 
trol (shaded curve). Samples were then incubated with an 
FITC-con jugate d secondary antibody and were subject^ 
analysis as described in Materials and Methods, n & 2. 

arid therefore, as expected, displayed abundant 
and protein. Interestingly, our FIV vector^titerin L 
HT1080, exhibited minimal expression of FRot m 
protein (Fig. 4). Two cell lines utilized by Chan and 
(2), HeLa (not shown) and HQS, displayed relative! 
low FRa levels, respectively. Of the four airway-d| 
mortalized cell lines tested (H441, HD3E, A549, and IB3) only 
H441 exhibited relatively high levels of FRa by either RPA or 
FACS analysis. 
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Transduction of immortalized airway epithelia by filovirus- 
pseudotyped FIV. The indicated cell lines were transduced at 
an MOI of -5 with EBOFTV, EBOAO-FIV, or VSVG-FIV 
(Fig. 5A). Due to titer limitations, the cell lines were trans- re 
duced with wild-type MRB envelppe-pseudotyped FIV (MRB- 
FTV) at an MOI of -0.5 (Fig. 5B). As shown, HT1080 cells 
IvereoonsisWt^ 

vectors (Fig. 5A and B) despite expressing only low levels of 
FRa (Fig. 4). KB cells and H441 cells expressed much higher 
levels of FRa than HT1080 cells but transduced at -50% the 
efficiency of HT1080 cells. IB3, HBE, HOS, and A549 were 
transduced at lower levels. EBO FTV and EBOAO-FIV trans- 
duced each cell line with similar efficiency, and the pattern of 
transduction between the cell lines was closely comparable 
with that of the MRB-FIV. Interestingly, the transduction ef- 
ficiency of the VSVG-FTV was not significantly different from 
those of the EBO-FIV and EBOAO-FIV except for the A549 
cell line. VSVG-FIV transduced A549 cells at approximately 
fivefold-greater efficacy than EBO FTV or EBOAO-FIV. 

Blocking transduction of filovirus-pseudotyped FIV with 
FRa inhibitors. The contribution of FRa in facilitating filo- 
virus-pseudotyped FIV binding and entry into airway-derived 
and control cell lines was further tested by pretreating cells 
with an FRa-specific blocking antibody or an isotype control 

(Fig. 6). The ability of the viral vector to transduce F6 
again quantified by p-galactosidase activity normal- 
jtal protein. The transduction of KB and HT1080 cells 
significantly affected by pretreatment with the blocking 
These data suggest the existence of FRa-indepen- 
ways for filoviral infection. Of the airway-derived cell 
blocking antibody successfully reduced transduction 
lO-FIV and EBOAO-FIV in H441 and IB3 cells but 
>49 or HBE cells." As previously observed by Chan et 
Ra-blocking antibody successfully reduced the trans- 
jfficiency in HOS cells (2). Importantly, EBO-F1V and 
-FIV were blocked to a similar extent in each cell line, 
uaaa&xtwpig that deleting the O-glycosylated region of the EBO 
glycoprotein does not alter its binding and fusion specificity or 
cell tropism. 

In addition, each cell line was transduced with VSVG-FIV in 
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KB HT1080 HOS A549 H44t HBE IB3 KB WT1080 HOS A549 H441 HBE 

HG 5 Relative transduction levels of immortalized cell lines with pscudotyped FIV vector The indicated cell Hnes were ^sduced with 
FRtCftv FBOA^FTV or VSVG-FIV at an MOI of 5 (A) or MRB-FIV at an MOI of 0.5 (B). Four days after imual vector incubation, cells 
^ h^ks^d a^l^ed S Sact^a4^say. and nonnalized to total protein. MOIs were 'calculated by using vector Uters determmed on 
HT10SO cells. RIAJ, relative light units, n «= *, P < 0-01. 
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FIG 6. Transduction levels of immortalized cell lines with pseudo- 
tvoed FTV vector following FRa-blocking antibody treatment. FoHow- 
SZa^O. anlgGl isotype antibody (black ban) or an 
FRa^oddng antibody (gray ban* the indi toted £ett I-neswere t^s- 
STeed with EBO-FIV, EBOAO-FIV, or VSVG-FTV at an MOI of 5. 
Four days after hriUal vector incubation, cells were harvest"" •»"**"*« 
by B-ealactosidase assay, and nonnalized to total protep 
B-galactosidase activity following isotype antibody pre! 
each cell line and vector administration is normalized 
aoi; **,P< 0.05- 



the presence or absence of the FRa-blocking antibo 
No inhibitory effects on VSVG-FTV transduction * 
for any cell line. In cells pretreated with AZT c- 
(not shown), pVgalactosidase activity was dramati 
indicating that the observed expression is not th 
pseu do transduction. 

In a manner similar to that for the experiments 
maty cultures of airway epithelia, we utilized PI-1 
move FRot from the cell surface of the immortalized cell lines. 
The ability of PI-PLC to cleave FRot from immortalized cell 
lines was confirmed by FACS analysis (data not shown). In 
each case the enzyme treatment efficiently removed FRot. Cells 
were pretreated with PI-PLC, followed by incubation with 
EBOAO-FW or VSVG-FIV. PI-PLC treatment did not inhibit 
transduction of EBOAO-FIV in KB, HT1080, A549, or HBE 
cells (Fig. 7). However, PI-PLC treatment did reduce the 
transduction efficiency of EBOAO-FIV in HOS, H441, and IB3 
cells (Fig. 7). In no cell line was the transduction efficiency of 
VSVG-FTV affected by pretreatment of PI-PLC Together with 
the blocking antibody studies, these data further support the 
existenceof FRct-independent entry pathways for filovurus pseu- 
dotypes in human airway epithelia (Fig. 3 and 6). 

DISCUSSION 

In this study we investigated the contribution of FRot to the 
transduction ability of a fUovirus-pseudotyped FlV-based vec- 
tor in airway epithelia and cell lines. Importantly, EBO-FIV 
and EBOAO-FIV transduced well-differentiated polarized air- 
way epithelia more efficiently when applied to the apical sur- 
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face than when applied to the basolateral surface. This notable 
observation is unique among the many pseudotyped retroviral 
vectors reported to date and is consistent with previously pub- 
lished results (14). Kobinger et al. (14) demonstrated that 
EBO-pseudotyped human immunodeficiency virus transduced 

the apical surface of airway epithelia with grater effiacy than 

irurdWhaTSoTalerar^ 

envelope glycoprotein confers its apical transducing abihty to a 
nonpruuate lenuviral vector and tested its abflity to utihze FRot 
as an avenue for cellular entry. Interestingly, we observed 
abundant expression of FRa at the apical surface by immuno- 
histochemistry (Fig. 1). Indeed, GPI-lhuced prote.nswj typi- 
cally sort to the apical surface of polarized epithelial cells (15). 
Based on this circumstantial evidence, one might expect FRa 
to contribute to binding and entry of filovirus-pseudojrped 
FTV vectors into primary cultures of human airway epithelia; 
however, we found that the folate-blocldng antibody or FI-FLC 
treatments failed to inhibit the transduction of these cells. 

As summarized in Table % we observed various levels of H 
FRa expression in the cell lines tested. Furthermore, the rel- 
ative levels of FRa protein or mRNA did not necessarily cor- 
relate with EBOAO-FIV transduction efficiency and blocking 
FRa failed to inhihit transduction. Generally, we observed that 
PI-PLC or an FRa-blocking antibody was likeliest to perturb 
tion in cell lines that already had low levels of trans- 
ind low levels of FRa expression, such as with HOS or 
i (Table 2). However, in no cell line did the blocking 
•duce the transduction efficiencies by greater than two- 
II lines with ample levels of FRa or cells that were 
tnsduced with EBOAO-FIV, such as KB and HT1080 
pectively, were typically not responsive to PI-PLC or 
antibody treatments (Table 2). 
uteresting outcome of our studies was the observation 
deletion of the O-glycosylation region from the EBO 
,tein greatly increased the titers of FTV vector relative 
for the wild-type glycoprotein. In contrast, no titer 
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FIG. 7. Transduction levels of aiiway- and ■^°; M I"^"^ d *" 
lines with pseudotyped FTV vector following PI-PLC treaimenL Fol- 
Kpra&eatm^^ 

h^V the indicated cell Unes were transduced with EBOAO-FIV or 
VSVG^V at an MOI of 5. Four days after initial vector incubation. 

we" harvested, analyzed by fj-galactosidase assay, and normal- 
Sd r o wtaT protein. The Tmean'^galactosidase actnnq ^Ao-t PI- 
PLC pratreatment for each cell line and vector admin.strat.on is nor- 
malized to 100%. *,P< 0.01; **. P < 0.05. 
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TABLE 2. Summary of FRa expression and EBOAO tr^sductioii 
levels of airway- and non-aiiway-derrved ecu anes- 



Gdl 
type 



Tissue 
origin* 



HT1080 Fibroblast 
HOS Bone 
Cervix 



KB 
H441 
HBE 
IB3 
A549 
HAE 



Airway 
Airway 
Airway 
Airway 
Airway 



Detection assay 
result for 

Galacto- Cell 
lytes count 

++♦ 

+ NT 

++ NT 

++ . + 

+ ± 

+ ± 

+ ± 

+ ± 



Relative FRa 
level of: 



Blockage 
by. 



« M * FI- Blocking 

Protein mRNA pj^ antibody 

Low Low No No 

Low Low Yes Yes 

High High No No 

High High Yes Yes 

Low Low No No 

Low Low Yes Yes 

Low Low No No 

High** Peiectedt No No 



-Data from Fig, 1, 2, and 3 to 8 are summarized for convemence. , all ceU 
Hnesare human derived. ••. data acquired by mimunofluorescen« a^e^em 
blotting, t. data acquired by nonquantitative reverse transcriptase PCR HAE^ 
cultures of human airway epithelia. ^J^'T^J^^t 
com^risons as follows: +++.very abundant expression. ++.?oderatee^es- 
sion!+, detectable expression; ± expression delectable at limit of assay resolu- 
tion; and NT, not tested. 




benefit was observed in previous studies in which Simmons et 
aL (22) constructed EfcO O-glycosylation deletion mutants. 
Therefore, the deletion site is likely critical. Biochemical anal- 
ysis of the EBOAO construct by Jeffers et al. (9) mdicated that 
6-grycosylation deletion facilitates glycoprotein prof^xm^m 
corporation into retrovirus particles, and viral transd 
Moreover, there may be an important therapeutic 
deieting the putative O-gJycosylation domain; the sei 
nine-rich O-gJycosylated region (or mucin-like do 
been implicated as a pathogenic determinant of 1 
Yang and colleagues (32) observed that this rej 
glycoprotein was required for vascular cytotoxic! 
eluded that it may contribute to hemorrhage durin, 
infection. In addition, Simmons et al. (22) observe] 
Oglycosylated region was necessary to induce loss 
herence. Therefore, by constructing the EBOAO co 
pseudotyping, we may have added a safety benefit 
achieving a dramatic boost in titer. 

Interestingly, a similar deletion of the O-glycosylation region 
of the MRB glycoprotein did not yield a similar increase in 
titer. Clearly, the selection of which amino acids to delete in 
such an experiment is vital to producing a functional protein; 
therefore, more MRB deletion constructs will need to be 
tested. One potential untested possibility is that the mutations 
resulted in increased MRB envelope production but decreased 
the stability of the envelope complex, leading to decreased titer 
following concentration by centrifugation. As a whole, pur 
efforts to increase the titers of MRB-FIV met with only limited 
success. Results similar to those for EBO-F1V and EBOAO- 
FTV were evident; we observed that MRB-FIV transduces the 
apical surface of human airway epithelia with greater efficacy 
than it does the basolateral surface (data not shown); there- 
fore, examining the differences in tropism and transduction 
efficiencies between EBO-F1V and MRB-FIV at equivalent 
MOIs is of interest. 

We envision a model in which EBO-FTV has multiple ave- 
nues for binding and entry into different cell types. For exam- 
ple, C-type lectins have recently been demonstrated to confer 
enhanced cellular entry efficacy for EBO-pseudotyped retrovi- 
rus in hematopoietic cells (1). The contribution of DC-SIGN 

Jo3 
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and LrSIGN in airway epithelial cells has not yet been irrves- 
tigated; however, the study conducted by Alvarez et al. (1) 
supports a model of cellular entry for EBO-FIV thatis ; more 
complex than a single receptor. Cell lines such as H™80 or 
KB may present a number of opportunities for EBO-FIV en- 
try. In such cells, blocking FRa has little effect on transduction 
lev^srCftlr^ 

fewer pathways for EBO-FTV entry, therefore, the individual 
contribution of FRa is much greater. Our data confirm the 
previous finding that the FRa acts as a cofector contributing to 
filovirus entry into some but not all cell types (2). 

In conclusion, our results do not eliminate the possibility 
that FRa may contribute to the binding and entry of fitovirus- 
pseudotyped lentwirus into airway epithelia in vivo; however, 
its presence was not required to achieve transduction m pri- 
mary cultures. These data also indicate that other unknown 
cellular fectors are functioning as viral receptors for filovurus- 
pseudotyped lentivirus. These results corifirm that filoviral gly- 
coproteins are excellent candidates for pseudotyping lentrviral 
vectors to target the apical surface of airway epithelia. Al- 
though further challenges must be overcome for CF gene ther- 
apy, the availability of an integrating vector that transduces 
polarized airway epithelia cells from, the apical surface will 
facilitate additional preclinical studies in vitro and in vivo. 
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